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ABSTRACT
Since their invention in 1960, lasers have revolutionized modern technology, and tremendous
amounts of innovation and development has gone into advancing their properties and efficiencies.
This dissertation reports on further innovations by presenting novel solid state laser systems based
on the volume Bragg gratings (VBGs) and the newly developed holographic phase mask (HPMs)
for brightness enhancement, dual wavelength operation, and mode conversion. First, a new optical
element was created by pairing the HPM with two surface gratings creating an achromatic
holographic phase mask. This new optical device successfully performed transverse mode
conversion of multiple narrow line laser sources operating from 488 to 1550 nm and a broadband
mode locked femtosecond source with no angular tuning. Also, two types of HPMs were tested on
high power Yb fiber lasers to demonstrate high energy mode conversion.

Secondly, the effects of implementing VBGs for brightness enhancement of passively Qswitched systems with large Fresnel numbers was investigated. Implementing VBGs for angular
mode selection allowed for higher pulse energies to be extracted without sacrificing brightness and
pulse duration. This technique could potentially be applied to construct compact cavities with 1
cm diameter beams and nearly diffraction limited beam quality.

Lastly, a spectral beam combining approach was applied to create Tm3+ and Yb3+ based
narrowband dual-wavelength pump sources for terahertz generation, using VBGs as frequency
selectors and beam combiners. Comparison of pulse duration and synchronization was done
between passive and active Q-switching operation. An experimental set up for THz generation and
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detection using high sensitive detectors was created, and modeling of terahertz conversion
efficiencies were done.
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CHAPTER 1: INTRODUCTION
The narrowband, directional, and high radiance output of laser sources makes them applicable
in many areas where conventional light sources are not able to perform. Today lasers have shown
to be extremely applicable in the fields of range finding, display, communications, oil drilling,
mining, industrial machining, missile defense, and space technology [1-18]. The first laser was
invented by Maiman in 1960 from using a ruby crystal, optically pumped by a flash lamp and
enclosed in a reflective light concentrator [19]. Before this experimental work, Arthur Schawlow
and Charles Hard Townes had published ground-breaking theoretical work on the operation
principles of lasers, and a microwave amplifier and oscillator (maser) had been developed by
Townes' group in 1953 [20].

Since then, lasers have undergone tremendous innovations and improvements. The invention of
efficient and high power laser diodes has advanced the output power levels for continuous wave
laser systems to 100’s of kW’s [21]. As well, with the discovery of Q-switching [22] and mode
locking [23, 24], giant peak power and temporally short optical pulses were made possible.
Complicated systems have been made with the use of specialty optics, such as dual wavelength
systems [25]. Compactness (short cavity length), high output power, and good beam quality are
the main constraints for laser engineering. However due to conventional design methods, keeping
a balance between these three parameters is not trivial. Controlling the spectral output of laser for
narrowband or a specific wavelength has been another major constraint in applications. Current
research has been done with novel components and resonator designs in order to manipulate and
control the output of laser systems with high precision.
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The holographic optical element (HOE) called volume Bragg Grating (VBG) has shown to be
extremely effective in manipulating and controlling the output laser systems due to their angular
and spectral selectivity [26]. The primary goals of this dissertation were to create a new HOE for
mode conversion of broadband laser beams and to present novel laser systems based on VBG
applications of spectral locking, spectral beam combining, mode selection, and mode conversion.
First, several experiments were done to investigate the properties of the newly developed
holographic phase masks (HPMs) and their application in mode conversion. The durability of two
types of HPMs, were tested on high power Yb fiber lasers at power densities ranging for 0.2 to
16.2 kW/cm2. Using a thermal IR and CCD camera, the temperature of the HPM and the mode
conversion quality of the diffracted beam was monitored. NIR absorption coefficients of bleached
and unbleached photo-thermo-refractive (PTR) glass was compared, and active air cooling was
implemented in order to reduce thermal stress. Then, a new optical element was created by pairing
the HPM with two surface gratings with a period double to the HPM’s. The first surface grating
automatically adjusts each spectral component diffracted to the Bragg condition of the HPM. The
second surface grating eliminates angular dispersion introduced from the first allowing for
broadband mode conversion. Transverse mode conversion was demonstrated and compared with
theory for multiple narrow line laser sources operating from 488 to 1550 nm and for a broadband
femtosecond source.

Then, the effects of implementing VBGs for brightness enhancement of passively Q-switched
systems with large Fresnel numbers was investigated. Conventional brightness enhancement
techniques cannot be done due to the compact requirements on cavity length for short pulse
durations. In order to extract higher pulse energies without sacrificing brightness or pulse duration,

2

angular transverse mode selection with VBGs was done. Doing mode selection with an angular
filter, instead of a conventional spatial filter (i.e. iris), allowed the cavity length to be unaltered,
for short pulse durations.

Lastly, a spectral beam combining approach was applied to create two narrowband, tunable,
dual-wavelength laser based on implementing volume Bragg gratings as frequency selectors. The
first system consisted of two separate Tm:YLF based cavities with their VBGs aligned to a
common output coupler for a two-channel resonator. This resonator design allows each channel to
be independent in power and wavelength, eliminating gain competition while allowing some
individual wavelength tunability. The performance of the system in terms of output power levels,
pulse energies, and spectral properties are presented and discussed for both continuous wave (CW)
and passively Q-switched (PQS) operation. Due to cost effectiveness, a second system emitting 1
μm based on Yb:KYW was also constructed with a similar resonator layout as the 2 μm system.
Comparison of pulse duration and synchronization was done between passive and active Qswitching of the source. An experimental set up for terahertz (TH)z generation and detection using
high sensitive detectors was created. Finally modeling of THz conversion efficiencies with the
sources current parameters were done, and further innovations for higher efficiencies are proposed.

1.1. Laser historical note
A “Laser” is a device that generates or amplifies light similar to how transistors and vacuum
tubes operate with signals at audio, radio, or microwave frequencies [27, 28]. Laser light falls
within the region of the electromagnetic spectrum between vacuum ultraviolet, close to soft X-ray
region, and the very long infrared, merging with millimeter waves [28, 29]. Lasers emit light with
unique spectral and spatial properties which makes them useful for many applications [1-18, 29].
3

Today, laser oscillators can come in a variety of forms, but contain the same critical elements,
shown in Figure 1, of a laser gain medium, a pumping process, and finally a method to provide
stable optical feedback and oscillation [28]. Just as there are different types of lasers, there are a
many methods to provide and preform these elements.

Figure 1: Schematic of all the critical elements arranged to form a typical laser [28].

Common lasers are semiconductor, solid state, fiber, gas, and excimer lasers [30, 31].
Semiconductor lasers, also known on as laser diodes, are electrically pumped making them ideal
for optical pumping of other laser systems [32]. They usually generate high output powers
efficiently, but exhibit poor beam qualities [32]. Solid-state lasers are based on an ion-doped
crystal or a glass medium placed in different types of resonators. Optical pumping is needed with
discharge lamps or laser diodes in order to achieve excitations for emission [28, 29]. These lasers
exhibit high output powers with high beam quality, spectral purity and stability, and can be
designed to generate short pulses with high levels of energy. The ion doped medium chosen in the
laser design, is usually based on the spectral properties needed for its applications. Nd3+ doped
crystals such as Nd:YAG, Nd:YVO4, Nd:YLF, and Nd:glass are the most reliable material to
generate 1μm radiation [28, 32]. Yb3+ doped mediums, like Yb:YAG, Yb:glass, and
4

Yb:KGW/KYW, also generates near the 1μm, but its large bandwidth allows for broad spectral
tuning and for the ability to create femtosecond pulses [28, 32]. Tm3+ and Ho3+ doped crystals are
used to generate 2μm emission. Fiber lasers are similar to solid state lasers, but the doped gain
medium is the fiber core of an optical fiber [28, 32]. Due to the usually long lengths and small core
diameters of optical fibers, they exhibit large levels of gain for extremely high output powers and
high beam quality. Just as solid state lasers, the doped element determines the spectral properties
of the laser. Gas lasers and excimer lasers, also called molecular lasers, are based on excited gases,
usually by electrical discharges [28, 31-33].

As stated earlier, the light emitted from these systems have unique characteristics that give them
an advantage over conventional sources of light. Spectrally, the radiation emitted has optical
bandwidths orders of magnitude narrower than conventional lamps [28, 29]. Spatially, the beams
are highly directional propagating over long lengths with minimal divergence [28, 29]. These
spectral and spatial properties allow for laser beams to be focused to extremely small spots for
high intensity applications. The light emitted can be delivered continuously or formed in ultrashort
pulses with durations from microseconds to femtoseconds [28].

1.2. Spectral properties of lasers
Due to the nature of electromagnetic waves, standing waves in optical resonators must satisfy a
phase condition in order to oscillate within the cavity [28, 29]. This condition is illustrated in
Figure 2, showing how a wave of a certain frequency will behave in a cavity [28]. (1) states the
optical frequency (𝜔𝑞 ) will be allowed to oscillate in a cavity of length ( 𝐿 ), if it is an integer (𝑞)
of 2𝜋 . These allowable frequencies are formally called axial or longitudinal modes,
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Figure 2: Axial-mode resonance condition in a standing-wave laser cavity [28].

2𝜋𝑞 =

2𝜔𝑞 𝐿
𝑐

(1)

Due to most cavity lengths being much larger than the wavelength of light, many axial modes
are supported by the cavity. All these longitudinal modes are equally spaced in frequency, called
the free spectral range (2).

∆𝜔𝑎𝑥 = 𝜔𝑞+1 − 𝜔𝑞 =

2𝜋𝑐
2𝐿

(2)

The specific axial modes, which fit under the gain curve of the laser’s medium, shown in Figure
3, are the only excited modes in the cavity [28]. Gain competition between the axial modes will
result in some to dominate the cavity resulting in extremely narrow spectrums, which makes lasers
applicable in spectroscopy, metrology, and optical excitation applications [28-32].
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Figure 3: Multiple axial-mode frequencies under the atomic gain profile in a typical laser system
[28].
1.3. Spatial properties of lasers
Due to diffraction effects of finite apertures, lasers contain a certain set of spatial transverse
modes. Resonator transvers modes were first modeled by Fox and Li in the 1960’s, their
calculations are often referred to as “Fox and Li” calculations [34-36]. They discovered that
resonators allow certain spatial distributions to propagate in phase and with amplitude gain. These
specific lateral spatial distributions are formally called transverse modes [34-36].

Resonators can be categorized as stable, semi-stable, and unstable based on the curvature and
spacing of the mirrors. The stability of any type of resonator can be solved through the ABCD
matrix method, formally described in Kogelnik and Siegman [37, 38]. For a simple linear optical
cavity with two mirrors, the stability condition is shown in (3) where each “g” parameter is based
on cavity length (𝐿) and the radius of curvature (𝑅𝑖 ) of the ith mirror [37, 38].

0 < 𝑔1 𝑔2 < 1
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(3)

𝑔𝑖 = 1 −

𝐿
𝑅𝑖

(4)

The Fox and Li approach is historically the most common used model for numerical solutions
[34-36]. For a stable cavity a set of equations exist called the Hermite-Gaussian equations (5).
These equations are solutions to the Helmholtz equation in Cartesian coordinates under the slowly
varying envelope approximation. 𝐻𝑛 and 𝐻𝑚 are the Hermite order polynomials for the x-direction
(n) and the y-direction (m). The minimum beam radius (𝑤0,𝑥/𝑦 ) is determined the by cavity
configuration and is independent of any apertures inside the resonator [34-36].

𝑥2

𝑦2

√2𝑥
√2𝑦 − 𝑤2 − 𝑤0,𝑦
2
𝐸(𝑥, 𝑦) = 𝐻𝑛 (
) 𝐻𝑚 (
) 𝑒 0,𝑥 𝑒
𝑤0,𝑥
𝑤0,𝑦

(5)

Derivation and further details of Hermite-Gaussian modes can be found in [35, 36]. Figure 4
shows different the intensity profile of different Hermite-Gaussian modes [39]. The notation of
TEMnm correspond to the null values “n” and “m” that arise from phase discontinuities which
results in zero intensity areas in Figure 4 [39].
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Figure 4: Near field intensity (LEFT) and phase distribution (RIGHT) of the Hermite-Gaussian
modes. [39].

As the beam travels across a distance, its beam radius (𝑤) will expand in the transverse direction
based on (6). The measurement of the beam’s size with propagation distance is commonly termed
the caustic and is useful for determining the beam quality [27, 28]. The Rayleigh length (7) of a
beam is the distance propagated from a beams focus for the diameter to be √2 larger Within this
Rayleigh range the beam is in the “near field” and expands exponentially[27, 28]. Beyond this
Rayleigh length the beam is in the far field and expands linearly. This far field linear expansion is
described by the divergence angle (8), which is dependent on the minimum beam radius and
wavelength [27, 28].

𝑧 2
𝑤 = 𝑤0 √1 + ( )
𝑧𝑅
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(6)

𝜋𝑤02
𝑧𝑅 =
𝜆
𝜃=

𝜆
𝜋𝑤0

(7)
(8)

For an optical cavity, a number of these transverse modes will lase resulting in an output of
several superimposed modes [27, 28]. The number of resonating modes will effect a beams
brightness (power per unit area per steradian), which is traditionally the figure of merit term [27,
28]. The highest brightness or “best” quality beam achievable is with a single diffraction limited
Gaussian mode [27, 28]. The beam quality factor 𝑀2 (9) represents the degree of variation of a
beam from an ideal Gaussian beam [27, 28]. It is calculated from the ratio of the beam parameter
product (BPP) to that of a Gaussian beam with the same wavelength (λ). BPP is the product of
divergence (θ) and minimum beam radius (𝑤0 ). The brightness of the system is related to the 𝑀2
parameter of a circularly symmetric beam by (10) [27, 28].

𝑀2 =
𝐵=

𝜋𝜃𝑤0
𝜆

𝑃
𝜆2 (𝑀2 )2

(9)

(10)

1.4. Q-switching
High energetic pulses of light, commonly termed giant pulses, can be achieved by modulating
the intracavity losses [27, 40]. When the intracavity losses are high there will be a buildup of
inversion if the gain medium is continuously or semi- continuously pumped. Once the level of loss
is reduced enough to allow lasing, a release of high energy follows [27, 40]. After the release of
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this energy, the gain is depleted to a level lower than the loss stopping lasing and creating an optical
pulse. Typically, the modulating of the losses is repeated in order to create a stable train of pulses
from 100’s Hz to kHz [40]. This technique is formally termed Q switching due to modulating the
Q factor of the laser resonator. Hughes Aircraft showed the first experimental results of Q
switching [41]. Pulse durations achieved by Q switching is typically in the nanosecond range,
usually well above the resonator round trip-time [27, 40]. Monolithic microchip lasers have
achieved pulse durations on the order of 100’s of picoseconds due to compact cavity lengths. [4247]. Q switching is normally applied in solid state lasers in order to generate high energetic and
peak power pulses [40. 42]. The output energy levels are typically higher than the saturation energy
of the medium resulting in peak powers orders of magnitude higher than in continuous-wave (CW)
operation [40,42]. Since PQS is used in the following experiments, it will be explained more in
theoretical detail.

One can modulate the losses in a laser actively or passively for Q switching [27, 28, and 40]. In
actively Q switched (AQS) systems an optical element is used to modulate the losses. Optical
elements typically used for active Q switching are acousto-optic and electro-optic modulators [27,
40]. Figure 5 illustrates a standard simulation of AQS dynamics on gain and output power from
Paschotta [40]. Initially the loss of the cavity is maintained at a high level allowing for the gain to
build up and saturate. Then at time 𝑡 = 0 the loss is dropped to a level below the gain and allow
lasing. Due to the system starting from a spontaneous noise level there is a delay between the
generated output pulse and when the loss was suddenly dropped. This is formally termed “pulse
buildup time” and for Paschotta’s simulation is near .2 μs. As the generated output pulse increases
in power, the initial high level of gain is depleted. Once the gain is depleted to a level below the
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losses, lasing is cut off forming an optical pulse. After the generation of the pulse the loss is raised
to the initial high level for the process to repeat [40].

𝛾

The output energy of AQS systems can be calculated with (11), where (2𝛾2 ) is the fraction of
number of photons extracted, 𝑁𝑖 is the initial population inversion, 𝑁𝑓 is the final population
inversion, 𝑉𝑎 is the mode volume, and ℎ𝜈 is the energy per photon [27]. The pulse duration can be
modeled as (12), where 𝜏𝑐 is the cavity round trip time, 𝑁𝑝 is the population at peak power, and
𝜂𝐸 is the energy utilization factor (13) [27]. An advantage of AQS is that the pulse repetition rate
can be controlled by the modulator and spontaneous noise results in a variation of pulse energies
[40]. High repetition rates normally leads to longer pulses with lower energy due to reaching the
buildup limits of the gain medium. Keeping the repetition rate low one can achieve high energetic
short pulses [27, 29].

Figure 5: Simulation of a Q-switched lasers output power and gain with modulating losses actively
[40].
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𝛾2
𝐸 = ( ) (𝑁𝑖 − 𝑁𝑓 )(𝑉𝑎 ℎ𝜈)
2𝛾

(11)

𝑁
( 𝑖 ) 𝜂𝐸
𝑁𝑝
𝛥𝜏𝑝 = 𝜏𝑐
𝑁
𝑁
[(𝑁𝑖 ) − ln (𝑁𝑖 ) − 1]
𝑝
𝑝

(12)

𝜂𝐸 =

(𝑁𝑖 − 𝑁𝑓 )
𝑁𝑖

(13)

Passive Q switching can be done spontaneously with a saturable absorber, and Paschotta’s
simulation of PQS dynamics is shown in Figure 6 [40]. Initially the losses of the absorber prohibit
the cavity to lase. Then as the inversion builds, the gain becomes slightly larger than the total loss
and allowing lasing to start. As the pulse starts to build up in time, the absorber loss and the gain
are both depleted at the same time. Just like AQS, the gain medium becomes depleted to lower to
the loss and an optical pulse is formed. After lasing is stopped, the absorber recovers faster than
the gain medium for the process to repeat [40]. Commonly used materials are Cr:YAG for 1-μm
lasers, Co:MgALO or Co:ZnSe for 1.5 μm lasers, and Cr:ZnS/Se for 2 μm lasers [27, 40]. In
contrast to active Q switching, usually the pulse energies and durations are fixed, and the repetition
rate is proportionally related to the pump level and shows jitter instabilities [27, 40].

13

Figure 6: Simulation of a Q-switched lasers output power and gain with modulating losses
passively [40].

Degnan and Hercher thoroughly numerically models PQS lasers, and shows how one can
optimize the pulse energy and duration [42, 47]. Later Xiao and Bass expanded on Degnan’s and
Hercher’s model by adding in the effects of excited state absorption (ESA) in saturable absorbers
to obtain the coupled rate equations (14) to (18) [48].

𝜕𝜙 𝜙
1
= [2𝜎𝑛𝑙 − 2𝜎𝑔𝑠 𝑛𝑔𝑠 𝑙𝑠 − 2𝜎𝑒𝑠 𝑛𝑒𝑠 𝑙𝑠 − (ln ( ) + 𝐿)]
𝜕𝑡 𝑡𝑟
𝑅

(14)

𝜕𝑛
= −𝛾𝜎𝑐𝜙𝑛
𝜕𝑡

(15)

𝜕𝑛𝑔𝑠
= −𝜎𝑔𝑠 𝑐𝜙𝑛𝑔𝑠
𝜕𝑡

(16)

𝜕𝑛𝑒𝑠
= 𝜎𝑔𝑠 𝑐𝜙𝑛𝑔𝑠
𝜕𝑡

(17)

𝑛𝑔𝑠 + 𝑛𝑒𝑠 = 𝑛0

(18)
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Here 𝜙 is the intracavity photon density, 𝜎 is the mediums stimulated emission cross section, 𝑙
is the length of the gain medium, and 𝑙𝑠 is the length of the saturable absorber along the cavity
axis. 𝑛 is the population inversion density of the gain medium, and 𝑛𝑔𝑠 , 𝑛𝑒𝑠 , and 𝑛0 are the absorber
ground, excited state, and total population densities. 𝜎𝑔𝑠 and 𝜎𝑒𝑠 are the saturable absorbers ground
and ESA cross sections. 𝑅 is the reflectivity of the laser’s output coupler, and 𝐿 is the round trip
dissipative loss of the resonator. 𝑡𝑟 is the cavity round-trip time based on the speed of light 𝑐, and
the length of the cavity [48].

The following rate equations can be combined following Degan’s approach to derive the relation
(19) between the initial, 𝑛𝑖 , and final, 𝑛𝑓, population densities when lasing is allowed [42]. The
initial population inversion can be found by applying the initial threshold condition (22) for lasing
[42]. Knowing the initial population inversion density allows one to solve (19) numerically to find
the final population density just before the absorber recovers. The energy in a Q-switched pulse is
defined by Koechner as (23) where 𝐴 is the effective cross sectional area of the laser beam in the
gain medium and ℎ𝜈 is the photon energy [49].

1
′
(ln (𝑅 ) + 𝐿 + 2𝜎𝑒𝑠 𝑛0 𝑙𝑠 )
𝑛𝑓 𝛼
𝑙𝑠 𝛾
𝜎𝑒𝑠
𝑛𝑖
(1 −
) 𝑛0 (1 − ( ) ) −
𝑛𝑖 − 𝑛𝑓 −
ln ( ) = 0
𝑙
𝜎𝑔𝑠
𝑛𝑖
2𝜎𝑙
𝑛𝑓
𝑛𝑔𝑠

𝑛 𝛼
= 𝑛0 ( )
𝑛𝑖
𝛼′ =

′

𝜎𝑔𝑠
𝜎𝛾

1
2𝜎𝑛𝑖 𝑙 − 2𝜎𝑔𝑠 𝑛0 𝑙𝑠 − (ln ( ) + 𝐿) = 0
𝑅
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(19)

(20)

(21)

(22)

𝐸=

ℎ𝜈𝐴
1
𝑛𝑖
ln ( ) ln ( )
2𝜎
𝑅
𝑛𝑓

(23)

Calculating pulse durations undergoes a different numerical analysis of rate equations. Degnan
finds the maximum peak power achieved in a Q switched pulse, and then divides the already solved
pulse energy (23) by this value to find duration [42]. His steps to find the maximum power are to
divide (14) by (15) to reach the rate of photon density with population inversion (24) and
integrating leads to (25). Maximum photon density occurs when (21) equals zero, and from this
condition one can obtain (26) where 𝑛𝑡 is the inversion density at the point of maximum power.
Degnan states that the maximum power in a Q switched pulse is given by (28), and dividing (23)
by this leads to the pulse duration (29) [42, 50]. To calculate pulse duration one needs to
numerically solve (26) to find the inversion density population 𝑛𝑡 . 𝑡𝑟 in (29) is the cavity roundtrip time based on the speed of light, 𝑐, and the length of the cavity, 𝑙′, which can be calculated
with (27).

1
𝜎𝑔𝑠 𝑙𝑠
𝜕𝜙
𝑙
𝑛 𝛼 [ln (𝑅 ) + 𝐿]
= − ′ {1 −
𝑛 ( ) −
}
𝜕𝑛
𝛾𝑙
𝜎𝑙 0 𝑛𝑖
2𝜎𝑛𝑙

(24)

1
[ln (𝑅 ) + 𝐿]
𝑙
𝑛𝑖
𝑙𝑠 𝛾
𝑛 𝛼
𝜙(𝑛) = ′ {𝑛𝑖 − 𝑛 −
ln ( ) −
𝑛0 [1 − ( ) ]}
𝛾𝑙
2𝜎𝑙
𝑛
𝑙𝛾𝑠
𝑛𝑖

(25)

1
𝑛𝑡 (ln (𝑅 ) + 𝐿)
𝑙𝑠 𝜎𝑠 𝑛0 𝑛𝑡 𝛼
)( )
=
+(
𝑛𝑖
2𝜎𝑛𝑖 𝑙
𝑙𝜎𝑛𝑖
𝑛𝑖

(26)

𝛼=

𝛾𝑔𝑠 𝜎𝑔𝑠 𝐷𝑎
𝛾𝜎 𝐷𝑠
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(27)

𝑃𝑚𝑎𝑥

∆𝜏𝑝 =

1
[ln (𝑅 ) + 𝐿] 𝑙𝑠 𝛾
ℎ𝜈𝐴𝑙 ′
1
𝑛𝑡 𝛼
=
ln ( ) {𝑛𝑖 − 𝑛𝑡 +
−
𝑛 [1 − ( ) ]
𝑡𝑟
𝑅
2𝜎𝑙
𝑙𝛾𝑠 𝑠𝑖
𝑛𝑖

𝐸
𝑃𝑚𝑎𝑥

𝑛𝑓 𝑙 𝛾𝑛
𝑛𝑓 𝛼
1 − 𝑛 − 𝑠 0 [1 − ( 𝑛 ) ]
𝑙𝛾𝑔𝑠 𝑛𝑖
𝑖
𝑖
= 𝑡𝑟
1
𝑛𝑡 ln (𝑅 ) + 𝐿
𝑛𝑡
𝑙𝑠 𝛾𝑛0
𝑛 𝛼
1
−
+
ln
(
)
−
[1
−
(
{
𝑛𝑖
𝑛𝑖
𝑛𝑖 ) ]}
2𝜎𝑛𝑖 𝑙
𝑙𝛾𝑠 𝑛𝑖
𝑡𝑟 =

2𝑙′
𝑐

(28)

(29)

(30)

For strongly saturated absorbers Paschotta states in that the pulse duration is roughly
proportional to the cavity round trip time (𝑡𝑟 ) over the saturable absorber loss coefficient (𝑞0 ), and
this term (31) can be used for rough estimations [40]. The loss coefficient of the saturable absorber
can be found in (32) knowing the total transmission coefficient ( 𝑇0 ).

𝜏𝑝 ≈ 4.6

𝑡𝑟
𝑞0

ln(𝑇02 )
𝑞0 = −
𝑙𝑠

(31)

(32)

In many cases it is necessary to know if a laser will Q-switch given a certain saturable absorber
loss. This can be determined through the initial condition for lasing to achieve (33) which is a ratio
of the total cavity losses over the cavities round-trip CW gain. From (33) a saturable absorber will
allow lasing when the round trip gain is greater than the loss, 𝜓 < 1 [42]. Equation (33) also can
be used in (34) to determine the time interval with between pulses (𝜏𝑐 ). Where 𝜏𝑎 is the upper state
lifetime of excited carriers, and 𝛿 is the fraction of the population inversion left over at the start of
the next pump cycle for repetitive Q switching. In most practical PQS systems incident pump
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power and therefore CW gain is tunable. Increasing the gain level will result in a drop in 𝜓 causing
the saturable absorber to become saturated sooner and lower time intervals between pulses [42].
Taking the inverse of (34) finds the frequency of repetition, 𝑓𝑅𝑒𝑝 , which is also dependent on 𝜓.

𝜓=

𝑡
1
2 ln (𝑇 ) + ln (𝑅 ) + 𝐿
0

𝜏𝑐 = 𝜏𝑎 ln (

(33)

2𝜎𝑛𝐶𝑊
1 − 𝛿𝜓
1
)=
1−𝜓
𝑓𝑅𝑒𝑝

(34)

1.5. Mode locking
Mode locking is the most commonly used method to achieve ultrashort pulse durations in the
picosecond and femtosecond range. A laser is mode locked when the pulse or pulses circulating
inside the cavity is synchronized to the round trip time of the cavity [40, 51]. Additional pulses
can circulate inside the cavity if they are synchronized to a harmonic of the cavity round trip time.
In the steady state, a regular train of pulses is generated with the same parameters [40, 51]. Active
mode locking can be done with an acousto-optic, electro-optic, or a Mach-Zehnder integrated
modulator [40, 51]. As long as the modulation is synchronized with resonator round trip, mode
locking will result in ultra-short pulses [40, 51]. Passive mode locking can be achieved with a
saturable absorber, and usually generate shorter pulses because due to their ability to modulate
losses faster [40]. A commonly used element is a semiconductor saturable absorber mirror
(SESAM), which is placed inside the cavity to achieve mode locking [51]. A trade off of passive
model locking is the instabilities leading to passive Q switched mode locking [40]. Due to the
round trip time in a realistic lasers being in the nanosecond range, mode locked repetition rates are
18

in the range of megahertz and even gigahertz for extremely short systems. This high repetition
rate, which is fixed by the cavity round trip time and the number of pulses circulating, results in
energies in the nanojoule and picojoule ranges. However, due to the extremely narrow pulses
generated, the peak powers are extremely higher than continuous wave and Q-switched lasers [40,
51].
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CHAPTER 2: HOLOGRAPHIC OPTICAL ELEMENTS
The purpose of this chapter is to provide the necessary background information about volume
Bragg gratings and the specific laser applications used later in this work for novel laser systems.
First, volume Bragg gratings (VBGs) plane wave theory is discussed and the modeling of reflecting
and transmitting diffractive gratings is presented. Then, past work of spectral narrowing and
locking, beam combining, transverse mode selection, and transverse mode conversion with VBGs
is presented.
A Holographic optical element (HOE) is an optical element such as a lens, filter, beam splitter,
or diffraction grating produced by holographic principles [53]. Various materials for recording
HOEs include dichromate gelatin, LiNbO3, and photosensitive glass [54-56]. VBGs have been a
common HOE for applications such as dichroic beam splitters, notch filters, spectral locking, and
various other applications [26, 53]. Specifically VBGs in photo-thermo-refractive (PTR) glass
have been shown applicable in VIS and NIR lasers due to low absorption, large laser damage
thresholds, and high thermal stabilities [26]. Unlike other types of gratings, such as surface gratings
or thin phase gratings, VBG’s diffract light with efficiencies up to 100% in a single diffraction
order and are insensitive to polarization [57]. Conventional VBG recording is done through twobeam interference on a photosensitive material, shown in Figure 7. Accurate grating structures can
be made by controlling the mirrors’ angular alignment with high accuracy and employing phase
stabilization during recording [58].
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Figure 7: Two-beam interference setup for recording volume Bragg grating into a photosensitive
material. M – mirror.

2.1. Volume Bragg grating plane wave theory
After recording and thermal development, a permanent refractive index change (RIC) is created
based on the interference pattern. Figure 8 shows the geometrical layout of a VBG recorded in a
thick medium where ⃗⃗⃗⃗⃗
𝐾𝐵 is the grating vector created from the RIC , ⃗⃗⃗
𝑘𝑖 is the incident wave vector,
and ⃗⃗⃗⃗
𝑘𝑑 is the diffracted wave vector [59]. This pattern for simple holograms is modeled as the
sinusoidal,

𝑛(𝑟) = 𝑛0 + 𝑛1 𝑐𝑜𝑠 ( ⃗⃗⃗⃗⃗
𝐾𝐵 ⋅ 𝑟),

(35)

where the materials initial refractive index (𝑛0 ) is modulated to a maximum value of 𝑛1 based on
⃗⃗⃗⃗⃗
𝐾𝐵 . The grating vector is normal to the plane of refractive index change, and its magnitude is given
2𝜋
by, ⃗⃗⃗⃗⃗
𝐾𝐵 = 𝛬 , where 𝛬𝐵 is the grating period. For thick holographic gratings efficient wave
𝐵

reconstruction happens under certain conditions due to Bragg’s law [59]. This condition, called
formally the “Bragg condition”, is described as,
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⃗⃗⃗⃗
𝑘𝑑 = ⃗⃗⃗
𝑘𝑖 − ⃗⃗⃗⃗⃗
𝐾𝐵 = 2𝛬𝐵 𝑠𝑖𝑛(𝜃𝐵 ) = 𝜆,

(36)

with 𝜃𝐵 is the Bragg angle and 𝜆 is the incident wavelength.

Figure 8: Illustration of a VBG inside a thick recording medium [39].

Based on the geometrical orientation of the incident radiation to the grating vector, a Bragg
grating will behave in two distinct manners. Figure 9 illustrates the two different geometrical
orientations of the incident and diffracted wave vector to the grating vector. If the incident wave
vector angle is between 45° to 90° to the grating vector the diffracted beam is transmitted through
the medium resulting in a transmitting Bragg grating (TBG), see Figure 9(LEFT). If the incident
wave vector is between 0° to 45°to the grating vector, then the diffracted beam is reflected leading
to a reflecting Bragg grating (RBG), see Figure 9(RIGHT).
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Figure 9: Volume Bragg grating geometry showing a transmitting Bragg grating (LEFT) and a
reflecting Bragg grating (RIGHT).

Kogelnik [59] is the standard reference for present day plane wave theoretical modeling of VBGs
and will be discussed in detail. His plane wave coupling theory assumed a small refractive index
modulation and started with the wave equation,

⃗⃗⃗⃗⃗𝐵 ∙ 𝑟) = 0,
∇2 𝐸(𝑟) + 𝛽 2 𝐸(𝑟) − 4βκcos(𝐾

(37)

where 𝐸(𝑟) is the electric filed, 𝛽 is the average propagation constant in the medium, κ is the
grating strength. Kogelnik used a two wave theory where the total electric field in the grating was
the superposition of the two waves,

⃗⃗⃗⃗

⃗⃗⃗⃗

⃗⃗⃗⃗⃗⃗𝐵 )∙𝑟
𝐸(𝑟) = 𝑅(𝑟)𝑒 −𝑖𝑘𝑟 ∙𝑟 + 𝑆(𝑟)𝑒 −𝑖(𝑘𝑟 −𝐾
,

with 𝑅(𝑟) being the incoming “reference” wave and 𝑆(𝑟) the outgoing “signal” wave.
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(38)

His coupled wave equations (39) and (46) resulted from inserting a two wave approximation into
the Helmholtz equation and dropping second derivative and off resonance terms. Depending on
the boundary conditions and the type of grating (reflecting or transmitting), different solutions
were found.

𝑘𝑧,𝑟

𝛿𝑅
= −𝑖𝛽𝜅𝑆
𝛿𝑧

𝛿𝑆
𝐾𝐵2
(𝑘𝑧,𝑟 − 𝐾𝑧,𝐵 ) + 𝑖(𝑘𝑥,𝑟 𝐾𝑥,𝐵 + 𝑘𝑧,𝑟 𝐾𝑧,𝐵 − ) = −𝑖𝛽𝜅𝑅
𝛿𝑧
2

(39)

(40)

2.2. Reflecting volume Bragg gratings
For a RBGs, where the incident wave vector 0° to 45° to the Bragg vector, the z component of
the propagation vector is negative and the boundary conditions are R (0) = 1 and S(d) = 0. The
solution for the diffracted wave amplitude is shown in (41). The diffracted wave is a function of a
dephasing term 𝛿 (42) or (43), reduced grating strength 𝜅 ′ (44) or (45), and the grating thickness
𝐿. The dephasing term consists of incident wave propagation constants (𝑘𝑥,𝑟 and 𝑘𝑧,𝑟 ) and the
Bragg vector. The dephasing term is the degree of how the incident wave meets the Bragg
condition. When 𝛿 is zero, the Bragg condition is fully met and the diffraction efficiency is the
amplitude squared of 𝑆. The maximum diffraction efficiency, 𝜂max (46), depends only on
thickness, Bragg angle, and refractive index modulation.

𝑆 = 𝑒 𝑖𝛿𝐿

−𝑖𝜅 ′ sinh(𝐿√𝜅 ′2 − 𝛿 2 )
√𝜅 ′2 − 𝛿 2 cosh(𝐿√𝜅 ′2 − 𝛿 2 ) + 𝑖𝛿 sinh(𝐿√𝜅 ′2 − 𝛿 2 )
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(41)

𝛿=

𝐾2
𝑘𝑥,𝑟 𝐾𝑥,𝐵 + 𝑘𝑧,𝑟 𝐾𝑧,𝐵 − 2𝐵
𝛿=
2|𝑘𝑧,𝑟 − 𝐾(𝑧,𝐵) |

(42)

𝜋
(2𝑛𝑔 𝐿𝑠𝑖𝑛(𝜃) − 𝜆0 )
2𝑛𝑔 cos(𝜃) 𝐿2

(43)

𝜋𝛿𝑛𝛽

𝜅′ =

𝜆0 √𝑘𝑧,𝑟 |(𝑘𝑧,𝑟 − 𝐾𝑧,𝐵 )|
𝜅′ =

𝜋𝛿𝑛
𝜆0 cos(𝜃)

𝜂max = tanh(𝜅 ′ 𝐿)2

(44)

(45)
(46)

Simulations of the diffraction efficiency for a Gaussian beam upon angular and spectral detuning
are shown in Figure 10. The grating simulated had a thickness of 6 mm thick, a RIC of 233.5 ppm,
and a Bragg angle near 6° for 1064 nm incident wavelength. The RBG exhibits spectral selectivity
of 195 pm, angular selectivity of 3.2 mrad and maximum diffraction efficiency of >99.9%.
Because of the narrowband spectral selectivity, RBGs are extremely applicable as a spectral filter.

Figure 10: Simulation of RBG diffraction efficiency with angularly (LEFT) and spectrally
(RIGHT) detuned from the Bragg condition.
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2.3. Transmitting volume Bragg gratings
For the TBG case, the diffracted wave S (47), is still a function of a detuning parameter (48) or
(49), reduced grating strength (50) or (51), and thickness. The detuning parameter depends on
grating thickness, refractive index, incident angle, and wavelength. Maximum diffraction
efficiency (52) also depends only on thickness, Bragg angle, and refractive index modulation, and
diffraction efficiency simulations are shown in Figure 11. For comparison, this grating had the
same thickness and Bragg angle as the RBG previously simulated. The RIC was changed to 86
ppm for a 100% diffraction efficiency. For the TBG case, the spectral selectivity is much wider,
10.3 nm, but the angular selectivity is narrower, 1.02 mrad. Due to the narrower angular selectivity,
TBGs have been popular as angular filters. A TBG’s full width half max angular response depends
largely on grating strength, and can be approximated as theta ~1.2

𝑆=𝑒

𝜅′

𝑖𝛿𝐿

√𝜅 ′2 − 𝛿 2

𝜆𝐵
𝐿

sin (𝐿√𝜅 ′2 − 𝛿 2 )

𝐾2
𝑘𝑥,𝑟 𝐾𝑥,𝐵 + 𝑘𝑧,𝑟 𝐾𝑧,𝐵 − 2𝐵
𝛿=
2(𝑘𝑧,𝑟 − 𝐾𝑧,𝐵 )
𝛿=

𝜋
(2𝑛𝑔 𝐿𝑐𝑜𝑠(𝜃𝑅 ) − 𝜆0 )
2𝑛𝑔 cos(𝜃𝑅 ) 𝑛𝑔 𝐿2

.

(47)

(48)

(49)

𝜋𝛿𝑛𝛽

𝜅′ =

𝜆0 √𝑘𝑧,𝑟 |(𝑘𝑧,𝑟 − 𝐾𝑧,𝐵 )|
𝜅′ =

𝜋𝛿𝑛
𝜆0 cos(𝜃𝑅 )

𝜂max = sinh(𝜅 ′ 𝐿)2
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(50)

(51)
(52)

Figure 11: Simulation of TBG diffraction efficiency with angularly (LEFT) and spectrally
(RIGHT) detuned from the Bragg condition.
2.4. Photo-thermo-refractive glass recording medium
Photo-thermo-refractive (PTR) glass, developed by Glebov and co-authors, is an effective
photosensitive material for VBGs [56-57]. PTR glass is a multi-component silicate glass doped
with silver, cerium and fluorine. Figure 12 shows the absorption spectrum of PTR glass [60]. The
low absorption (as low as 10-4 cm-1) in the VIS and NIR (350 to 2500 nm) and high laser induced
damage threshold (as high as 40 J/cm2) makes PTR glass an ideal VBG material for laser
applications within this spectral region [60].

Figure 12: Absorption spectrum of PTR glass, showing photosensitivity in the UV spectrum [60].
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The stages of the photorefractive process for refractive index change in PTR glass are shown in
Figure 13. This process can be divided into the three stages photoexcitation, nucleation, and
crystallization. First, photoexcitation is done under radiation within the photosensitivity of the
glass in order to cause photo-reduction of the silver ions (Ag+) to atomic state Ag0 [57, 61]. After
exposure, the glass undergoes thermal development for the nucleation of silver atoms and the
crystallization of NaF [57, 61]. The interaction between the NaF crystals and the surrounding glass
matrix causes a decrease in refractive index, and the induced refractive index change versus
exposure is shown in Figure 14 [61].

Figure 13: Stages of the photorefractive process during photoexcitation and thermal development
[57].

Figure 14: Induced refractive index in PTR glass based on exposure and varied development time.
[61]
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2.5 Spectral locking, narrowing, and tuning
Spectral narrowing, stabilizing, and tuning of lasers can be achieved with the use of VBGs [6264]. Due to narrow spectral selectivity, RBGs have been widely popular in this application. The
use of RBGs as spectral filters in a cavity improves a lasers coherence length, pumping efficiency,
and time domain parameters [65, 66]. RBGs used as output couplers with thicknesses of a few
millimeters showed efficient spectral locking, narrowing and stabilizing of laser diodes, which
greatly improved their stability and pumping efficiency in solid state and fiber lasers [63]. Power
levels of laser diodes with VBGs typically exceeds 95% of the original diode laser, and spectral
widths less than 100 pm have been demonstrated [62, 63]. Podvyaznyy demonstrated a locked
diode system with 250 W within 20 pm at 780 nm for a higher pumping efficiency of Rb vapor
[67]. Spectral locking and narrowing of diode bars has been shown up to .5 kW with efficiencies
above 90% [63, 64].

In solid state lasers, RBG’s used as high reflective mirrors and output couplers have enabled
spectral locking and narrowing with similar power efficiencies compared to dielectric coated
mirrors [68-70]. Spectral brightness in solid state systems were increased by 3 orders of magnitude
[68-70]. Using VBGs as a frequency selector in the cavity allows filtering out the high gain spectral
components and obtain lasing at week transitions. This was demonstrated on a Nd solid state lasers
by achieving emission at different Stark components of Nd [71]. As well, the VBGs spectral
selectivity can be used to reject unwanted spectral components [29].

Spectral tuning of laser systems with VBGs for spectral locking can be done by changing the
incident angles on the VBG resulting in a change in the reflected wavelength due to the Bragg
condition [26]. This tunability requires concurrent angular realignment in order to maintain
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resonance stability and could be troublesome for complex laser systems. To avoid the need for
angular realignment Jacobsson implemented a Bragg grating based retroreflector device to create
a widely tunable Yb:KYW laser [72]. Figure 15 shows his set up where a Bragg retroreflector was
employed for spectral tuning ease [72]. The system showed tunability from 997 nm to 1050 nm
(15 THz) with bandwidth < 0.1 nm and a maximum output power observed was 4.7 W at 1025
nm. Figure 16 illustrates the comparison between a Yb:KYW laser operating with and without
spectral locking, showing the possible advantages of VBGs as mirrors [72]. Figure 17 shows the
maximum measured power measured at different operating wavelengths [72].

Figure 15: Cavity set up employing the use of a Bragg retroreflector for spectral tuning of a
Yb:KYW laser. [72]

Figure 16: Comparison between the spectra of a free running and a Bragg locked Yb:KYW laser.
[72]
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Figure 17: Tunability of the Bragg locked Yb:KYW laser with respect to the total power P1+P2
using R1=HR (green squares) and with respect to P2 using R1=85% (purple circles). The output
power of using the Bragg mirror as the output coupler is also shown (blue triangle). [72]

Another approach for spectral tuning can be realized with a transversally chirped VBG
(TCVBG), shown in Figure 18 [26]. Due to the period of the grating being transversely chirped,
the wavelength of the reflected wave is dependent on the spatial location of the beam on the
hologram for one direction [73]. This element was used on a Yb doped fiber to achieve a narrow
emission line of 7 pm with a tunable range of 5 nm [73]. Two TCVBGs were multiplexed into the
same PTR recording medium and used as an output coupler to create a compact tunable dualwavelength laser [74]. The frequency difference between both collinear channels was tunable from
0 to 7.8 THz, and each channel showed near 110 GHz bandwidth [74].
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Figure 18: VBG chirped transversely in order to create a dependence of Bragg wavelength based
on one spatial location [26].
2.6 Laser beam combing
All types of lasers are difficult to power scale due to limitations introduced by thermal and
nonlinear effects [27-29]. A common approach to evade these power scaling issues is by
combining multiple laser beams in order to reach higher power levels [26]. The angular and
spectral properties of VBGs allow for two methods of beam combining, coherent beam combining
(CBC) where beams of the same wavelength are combined with proper phase control, and spectral
beam combining (SBC) where beams of different wavelengths are combined incoherently [26].

CBC combines multiple beams of the same wavelength into one lasing beam with active or
passive phase control for constructive interference. Phase locking of lasers with VBGs was first
done on semiconductor lasers [75]. It was found that in order to coherently combine two laser
diodes, the VBG’s spectral width needs to be much less than the distance of the longitudinal modes,
Jain presented two and four channel beam combining [76]. CBC of two and four fiber lasers by
passive phase control was done with a multiplexed VBG (MVBG) with 90% combining
efficiencies [77].

32

If spectral bandwidth isn’t a constraint or a multi-wavelength beam is necessary, SBC is an
alternative beam combining method. Figure 19, illustrates SBC with VBGs. Based on this
illustration a beam having a wavelength of λ1 is diffracted with high efficiency, and a second
beam’s center wavelength is shifted in wavelength by Δλ to λ2 for low diffraction efficiency [78].
The beam with a shifted wavelength passes through the VBG for collinear propagation (Figure 19,
right). For lossless VBGs, the total brightness of spectrally combining two beams of a different
wavelength with the same power would be doubled.

Figure 19: Spectral beam combining scheme showing a beam of wavelength λ 1 being fully
diffracted and beam of wavelength λ2 away from the Bragg condition resulting in 0% diffraction
and transmitting collinearly with λ1 [78].

The RBG’s narrow spectral selectivity and high diffraction efficiency makes it ideal for spectral
beam combining of high energy lasers. Spectral beam combining was successfully done on 5 high
power continuous wave fiber lasers by arranging the VBGs and their corresponding sources in the
order illustrated in Figure 20 [78]. The diffracted beams were collinearly aligned to each other
producing an M2 of 1.6. Total SBC efficiency was 90% giving a measured power of 750 W with
33

0.5 nm spacing between channels. VBGs can be optimized with greater than 99.9% diffraction
efficiencies, anti-reflection coated to produce <1% losses [26]. MVBGs can be used to minimize
the number of optical elements, and efficient SBC of several lasers with a single MVBG has been
shown [79].

Figure 20: Spectral beam combing of 5 fiber laser sources with reflecting VBGs. C1-5: Fiber laser
collimators, M1-9: mirrors, VBG1-4: reflecting VBGs, D: high power optical detector [78].

SBC of two broad Yb doped fiber lasers was done with TBGs in Ciapurin [80]. Both sources
showed spectral widths greater than one nanometer and 80 W to 100 W of CW output power. The
resulting diffracted wave showed no clipping of the spectrum when compared to the original beam.
Combing efficiency was near ~90% totaling 170 W of spectrally broad output power [80].

2.7 Transverse mode selection
The transverse mode profile of a laser is largely dictated by cavity geometry [27, 28]. In order
to achieve single transverse mode output the resonator has to be limited to provide a single Fresnel
zone at the output coupler [34-37]. Mode selection is a technique of limiting the emission of a
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resonator to a specific mode, and is commonly done with an aperture in a resonator based on the
Fresnel number of the cavity [81]. However, this effect can also be achieved with the use of an
optical element which limits the solid angle for angular mode selection [26]. The use of
holographic elements for this angular mode selection was first investigated by Leger and Green
and soon many angular mode selection techniques were proposed [82-87]. Early modeling and
experimental work on angular spatial filtering with VBGs was presented by Zhang and Tan [88,
89]. Figure 21 illustrates the concept of matching the VBGs angular diffraction profile to the
angular divergence of the fundamental mode. By maximizing the diffraction efficiency of a
specific mode inside the resonator, the resulting output beam after the gain and feedback process
will exhibit this mode profile.

Figure 21: Theoretical demonstration of mode selection with a TBG’s angular selective diffraction
efficiency based on overlap (LEFT). The resulting output (RIGHT) has severely reduced higher
order modes [39].

Angular mode selection was first demonstrated on semiconductor lasers with convergent beams
in RBGs and collimated beams in TBGs [26]. Due to semiconductor chip geometry the fast axis is
usually diffraction limited, but the slow axis exhibits a large number of transverse modes. After
mode selection the spatial brightness was increased by an order of magnitude [26]. This same
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approach of using convergent beams for RBGs and collimated beams with TBGs was also
performed on solid state lasers [26]. Due to VBG’s angular selective properties being in only one
axis, two VBGs had to be implemented orthogonally to preform uniform mode selection. Extensive
modeling and research of mode selection with VBGs in solid state and fiber lasers has been done
by Anderson [39, 90, and 91].

2.8 Transverse mode conversion with holographic phase masks
Segall theoretically modeled and experimentally proved that a conventional optical phase mask
can be encoded into a TBG with the recording setup shown in Figure 22 [92]. He stated that a
phase element is placed into the path of one of the two interfering beams, resulting in a fringe
pattern described by the intensity equation,

𝐼 = 𝐼1 + 𝐼2 + 2√𝐼1 𝐼2 𝑐𝑜𝑠 (( ⃗⃗⃗⃗
𝑘1 − ⃗⃗⃗⃗
𝑘2 ) ⋅ 𝑟 + 𝜑(𝑥0 , 𝑦)).

(53)

Here 𝜑 is the phase variation introduced by the phase mask after the object beam has propagated
to the sample. Now that the phase term is not constant, Kogelnik one-dimensional assumption does
not hold anymore. For a beam totally satisfying the Bragg condition, the new coupled wave
equations result in:
1
𝜕𝑅
𝜕𝑅
𝜕𝑅
(𝑘𝑝,𝑥
+ 𝑘𝑝,𝑦
+ 𝑘𝑝,𝑧 ) = −𝑖𝜅 𝑒 −𝑖𝜑(𝑥,𝑦) 𝑆
𝑘𝑝
𝜕𝑥
𝜕𝑦
𝜕𝑧

(54)

1
𝜕𝑆
𝜕𝑅
𝜕𝑅
(𝑘𝑑,𝑥
+ 𝑘𝑑,𝑦
+ 𝑘𝑑,𝑧 ) = −𝑖𝜅 𝑒 𝑖𝜑(𝑥,𝑦) 𝑅
𝑘𝑝
𝜕𝑥
𝜕𝑦
𝜕𝑧

(55)
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These coupled wave equations were solved numerically by Segal by applying Fourier transform
techniques [92]. His calculations show that the diffracted beam will have the same phase profile
as the HPM and the decrease in diffraction efficiency from a homogenous TBG is negligible for
beam diameters large than 1 mm [92].

Figure 22: Recording setup for encoding a conventional phase mask into a volume Bragg grating.
BS – beam splitter, M – mirror.

SeGall also experimentally demonstrated that a single 4 sector binary HPM can perform
successful mode conversion of different laser beams with multiple wavelengths by angular tuning
to the Bragg condition. Figure 23 shows the simulated and experimental resulting mode conversion
for three extremely different wavelengths (632.8 nm, 975 nm, and 1064 nm) [92]. SeGall also
showed TEM01 and TEM10 conversion by translating the incident beam Δx or Δy from the center
of the 4 sector HPM [92].
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Figure 23: (a) Simulated far field profile of a beam after passing through an ideal four-sector binary
mask and the diffracted beam from a four-sector HPM at (b) 632.8 nm, (c) 975 nm, and (d) 1064
nm.(Sizes are not to scale) [92].
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CHAPTER 3: HIGH ENERGY AND BROAD BAND MODE CONVERSION
An optical “phase mask” is any optical component in which the induced phase profile is spatially
dependent. Optical phase masks have been used for various applications like encryption [93, 94],
beam shaping [95], mode conversion [96, 97], and imaging [98]. The most common approach of
making conventional phase masks is based on varying optical path length. In order to produce
these changes manufactures can generate a contoured surface or a change the refractive index [99].
Popular materials for phase mask manufacturing include photoresists, dichromated gelatin, and
photorefractive crystals. If photoresists such as polymethylmethacrylate (PMMA) is exposed to
UV radiation its solubility is changed. After the exposure the PMMA undergoes a development
step, where its physical thickness is changed based on the exposure dosage [98, 99]. Since
photoresists does not undergo refractive index change, the phase differences are based only on
difference in the physical thickness of the resist. Dichromated gelatin (DCG) and photorefractive
crystals, such as lithium niobate (LiNbO3), do undergo refractive index change. DCG is a
frequently used material for holographic recording due to its refractive index modulation capability
of up to 80,000 ppm, high resolution, and ability to be redeveloped many times for the correct RIM
level [54]. Photorefractive crystals have more durability than gelatin, but its tradeoff is lesser
refractive index modulation utility. Due to absorption in the visible and near infrared regions,
photoresists and DCG are not used for high power laser applications [54]. Photorefractive crystals
can sustain much higher power levels than photoresist and DCG but the recordings inside them
can be erased or substantially changed by any incident light able to re-excite the medium’s
electrons [55, 92].
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Since optical phase masks are based on the changes of the optical path length, they are only
effective for a specifically designed wavelength [92]. With the development of high power
broadband systems, such as femtosecond mode locked lasers, there is a large push for an
achromatic phase mask system for mode conversion applications. Previous work [92] showed that
it was possible to encode stepped phase masks into transmitting Bragg gratings (TBGs) recorded
in photo-thermo-refractive (PTR) glass. Unlike the previously described holographic materials,
PTR glass can handle kilowatts of VIS and NIR light and can sustain its refractive index change
permanently [56]. These holographic phase masks (HPMs) can successfully introduce wavefront
change and achieve high diffraction efficiency (based on wavelength and the grating strength) for
a broad range of wavelengths by tuning the element to the gratings Bragg condition.

3.1. High energy mode conversion experiments
High energy density mode conversion experiments were done on HPMs to observe mode
conversion quality under high thermal stress. The PTR material is expected to be a suitable optical
element for high energies in the VIS and NIR, due to its low absorption (~10-4/cm), high damage
thresholds (~40 J/cm2), and thermal stability (up to 400 °C). Two 150 W Yb fiber lasers with a
TEM00 output and a 100 pm spectral bandwidth centered at 1064 nm were used in the experimental
setup in Figure 24. Both lasers were initially collimated to a beam diameter of 5.5 mm, and the
second was later de-magnified down to 1.5 mm for a 0.1 to 16.2 kW/cm2 power density range. An
infrared camera was used to monitor the temperature of the HPM, and diffracted beam was
attenuated and focused onto a CCD to observe the far field intensity profile. The diffraction
efficiency at each power density was measured using a water cooled power meter.
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Figure 24: High energy density mode conversion experimental setup of 150W Yb:Fiber lasers.

Mode conversion experiments were performed with two different HPMs having different encoded
phase profiles. The first element had a binary four-sector phase profile for TEM11 conversion, and
the second had a grayscale vortex phase profile for HG1 conversion. Each HPM was translated in
the x and y direction in order to ensure the incident wave was centered on the encoded phase profile,
and angular tuning was done at each power density for maximum diffraction efficiency. Figure 25
shows the temperature of each HPM at 16.2 kW/cm2. The 4 sector HPM showed a maximum
temperature near ~30°C and the vortex HPM ~90°C. The 4 sector HPM had a lower temperature
due to undergoing a bleaching process with a 532 nm source for lower absorption. Bleaching the
HPM resulted in an absorption coefficient of 2.5x10-4 cm-1 at 1 µm which was 2.8x lower than the
vortex’s (7x10-4 cm-1). This bleaching process for lowering the absorption in PTR glass is described
in more detail in Lumeau [100]. Figure 26 compares the spectral losses of PTR glass before and
after this bleaching process.
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Figure 25: FLIR thermal images of the 4-sector (LEFT) and the vortex (RIGHT) HPM at 16.2
kW/cm2.

Figure 26: Spectra of losses in a PTR glass sample. 1 – original absorption spectrum, 2 – after
exposure to UV radiation at 325 nm for 4 J/cm² and development for 1 hour at 515°C, 3 – after
additional bleaching by visible radiation at 532 nm [100].

Figure 27 shows the far field intensity profiles of the diffracted beam using the 4 sector HPM at
1.1 kW/cm2 and 16.2 kW/cm2. The expected TEM11 profile was successfully achieved with no
observable change in the far field intensity at each power density levels. All diffraction efficiency
and temperature measurements at each power density are compiled in Table 1. The drop in
diffraction efficiency between using the 5.5 and 1.5 mm beams can be attributed to a higher
concentration of energy on HPM’s discontinuities in the case of the smaller beam. These
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discontinuities (where the phase goes from 0 to π) resulted in no grating structure to be recorded,
and the portion of the incident beam within this area underwent no diffraction. Due to this effect,
large beam diameters should be used on HPMs in order to achieve higher diffraction efficiencies.
Reducing the beam size also introduced aberrations, which can be seen from comparing the far
field intensity profiles. However, the diffraction efficiency and far field intensity were consistent
with both sources at each power level concluding that the thermal load introduced on the bleached
PTR glass does not degrade the overall performance up to 16.2 kW/cm2.

Figure 27: Far field images of the diffracted beam by the 4-sector HPM at 1.1 kW/cm2 (LEFT)
and 16.2 kW/cm2 (RIGHT).

Table 1: Diffraction efficiency and temperature measurements of the 4-sector HPM.
2𝑤 [mm]

𝐼 [kW/cm2]

𝑃𝑑𝑖𝑓𝑓 [W]

𝐷𝐸 [%]

𝑇 [°C]

5.5

0.1
0.3
0.5
0.8

11
28
52
74

84
82
83
81

22
23
25
27

1.5

1.1
1.4
4.5
8.7
12.4
16.2

96
7
21
42
56
72

82
62
66
66
62
61

30
21
21
0
23
25
30
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The far field intensity profiles achieved with grayscale vortex HPM at 1.1 kW/cm2 and 16.2
kW/cm2 are shown in Figure 28, and the diffraction efficiency and temperature measurements are
compiled in Table 2. The lower diffraction efficiency from using the de-magnified beam were
similar to the 4-sector results. Even though the vortex HPM’s medium showed a higher absorption,
diffraction efficiencies and the far field images at each power density were consistent for both
sources. The far field intensity profiles from Figure 28 showed slight differences in their transverse
profile when compared to the ideal HG1 mode. These differences can be attributed to a recording
error of the grayscale phase change from 0 to 2π. The vortex HPM was installed into an active air
cooled mount, Figure 29, to demonstrate cooling capabilities at high energy densities. With aircooling there was a drop in temperature by ~47°C at 16.2 kW/cm2. However, there was no change
in the diffraction efficiency and far field intensity with and without cooling, concluding that the
thermal stress introduced does not affects the unbleached HPM’s performance at 16.2 kW/cm2.
Further testing at higher power densities needs to be done to investigate the limitations of the
HPM’s, and active air cooling could be implemented when scaling to power densities beyond the
limitations of PTR glass.

Figure 28: Far field images of the diffracted beam vortex HPM at 1.1 kW/cm2 (LEFT) and 16.2
kW/cm2 (RIGHT).
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Table 2: Diffraction efficiency and temperature measurements of the vortex HPM.
2𝑤 [mm]

5.5

1.5

𝐼 [kW/cm2]

𝑃𝑑𝑖𝑓𝑓 [W]

𝐷𝐸 [%]

𝑇 [°C]

0.1
0.3
0.5
0.8
1.1
1.4
4.5

11
29
53
74
99
10
24

84
82
83
81
82
63
68

27
37
46
59
75
26
39
0

8.7
12.4
16.2

48
69
86

71
70
69

57
81
90

Figure 29: Sample FLIR thermal image (LEFT) of air cooling the vortex HPM at 16.2 kW/cm2
power density. Set up of cooling process (RIGHT).
3.2. Achromatization with surface gratings
True achromatization of HPMs can be achieved by pairing the Bragg grating with two surface
gratings [101,102]. The use of thin gratings with a thick volume transmission grating was
demonstrated for broadband spatial filtering [103]. According to coupled wave theory [59],
incident light onto a TBG undergoes diffraction under the Bragg condition,

2𝛬𝑉𝐵𝐺 𝑠𝑖𝑛𝜃𝐵 = 𝜆,
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(56)

Where 𝛬𝑉𝐵𝐺 is the TBG’s grating period, 𝜃𝐵 is the Bragg angle, and λ is the incident wavelength.
A TBG’s Bragg condition is similar to the dispersion equation for a surface grating:

𝛬𝑆𝐺 𝑠𝑖𝑛𝜃 = 𝑚𝜆.

(57)

Here 𝛬𝑆𝐺 is the period of the surface grating, θ is the diffracted angle, and 𝑚 is the order of
diffraction. When the two gratings periods satisfy the condition 2𝛬𝑉𝐵𝐺 = 𝛬𝑆𝐺 , the first order
diffraction angle from the surface grating will match the Bragg condition for the TBG for all
wavelengths. This circumvents the broad but still finite spectral selectivity of the TBG and results
in increased diffracted spectral bandwidth and overall diffraction efficiency for sources with a
bandwidth larger than the TBG’s spectral selectivity. Although using surface gratings with exactly
twice the period of the TBG’s period is ideal, gratings with periods in close proximity to this ratio
have also been shown to be effective [101,102].

The proposed system of the two surface gratings and the TBG is laid out in Figure 30. Here the
broadband input is diffracted through the first surface grating, where the diffraction angle for each
spectral component is equal to the Bragg angle of the TBG with an incorporated phase mask.
Figure 31 shows the theoretical spectra of diffraction efficiency for a surface grating compared to
that for a TBG. The gratings simulated had similar properties as the ones used for experimental
proof of concept described in detail in Section 4. The simulated TBG had a spectral bandwidth of
approximately 25 nm (FWHM). After pairing with a single surface grating, the total spectral
bandwidth of the two elements equals the bandwidth of the surface grating (~750 nm FWHM),
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corresponding to a 30X improvement in bandwidth. However, pairing the TBG with just a single
surface grating does not eliminate the dispersion from the system; though the surface grating/TBG
pair has a bandwidth of ~750 nm, this bandwidth is spread over a large angular range. This limits
the effective bandwidth of the system to a couple of nanometers for applications needing minimal
chromatic aberrations, such as mode conversion. To eliminate this dispersion, we add a second
surface grating identical to the first after the TBG. This counters the dispersion from the first
element, providing a collinear output while still preserving the full bandwidth of the system. When
replacing the TBG with an HPM, which has the same diffraction properties as a simple TBG, the
resulting system becomes an achromatic HPM (AHPM).

Figure 30: Concept of using surface gratings pairs to meet the Bragg condition for various
wavelengths at the same incident angle, allowing applications such as achromatic mode
conversion.
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Figure 31: Normalized spectra of diffraction efficiency for a surface grating and a transmitting
volume Bragg grating.

To experimentally demonstrate the potential applications of the AHPM, a mode converter using
a 4-sector binary HPM was constructed. While a purely binary phase profile cannot completely
convert from one Gaussian mode to another, it can convert it such that the dominant mode is the
desired transformed mode; the TEM00 mode is nearly 70% converted to the TEM11 mode with a
4-sector binary profile [59]. The HPM used for the following mode conversions had a grating
period of 3.4 µm and an 87% diffraction efficiency at 765 nm. Two commercial transmitting
surface gratings with a groove spacing of 150 lines/mm, corresponding to a period of 6.66 µm,
were chosen as a close match to the periodicity condition (6.8 μm). The surface gratings were
blazed for a wavelength of 725 nm, giving diffraction efficiencies between 20% and 80% in the
wavelength range of 425 nm to 1550 nm, where our experiments were performed. Following this
section the demonstration of broadband mode conversion using the AHPM on a tunable diode,
multiple narrow line, and a femtosecond lasers is shown.
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3.3. Tunable diode source
For initial experiments, the AHPM was aligned to a tunable diode laser in the set up shown in
Figure 32. The goal of our experiment was to achieve successful broadband mode conversion from
a Gaussian TEM00 to a TEM11 mode without the need to angularly tune the HPM. Three different
tunable diode laser sources were used in order to get a wavelength range of over 300 nm (7651071 nm). The lasers were collimated individually with a 6 mm collimator in order to unsure full
illumination of the HPM’s clear aperture. To achieve far field imaging, the beam after the AHPM
was focused on a CCD camera with an achromatic lens (f=500 mm).

Figure 32: Experimental set up for observing Gaussian to TEM11 conversion of the HPM surface
grating system with three different diode sources.

Figure 33 demonstrates the TEM11 mode profile for a single wavelength from each one of the
three laser sources. The differences in the intensities are due to the difference in output power for
each of the diode sources. Figure 33 also demonstrates that HPMs can provide the same quality
phase transformation as regular phase masks with the main difference being that one HPM works
for different discrete wavelengths.
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(a)

(b)

(c)

Figure 33: Far field profile of the diffracted beam after propagating through a holographic foursector mode converting mask aligned to two surface gratings at (a) 765 nm, (b) 978 nm, and (c)
1071 nm. The sizes shown here are not to scale.

Three different experiments were done based on the combination of the gratings used and
images are compiled in Figure 34. The first experiment had the two surface gratings removed, and
Figure 34(a) shows only images of the beam after the HPM (no surface diffraction gratings present
on its sides). The wavelength bandwidth of the HPM is limited to the bandwidth of a transmission
Bragg grating and therefore only diffracts approximately 12 nm with angular dispersion. In the
second experiment, shown in Figure 34(b), we introduced the surface diffraction grating before
the HPM and angularly tune the HPM to diffract the first diffracted order. For this configuration,
the bandwidth of the system is dramatically increased and maximum diffraction efficiency (and
therefore mode conversion) is being achieved for wider spectral region. However, due to the
wavelength dispersion of the surface grating the signal still shifts in space. To nullify this lateral
movement of the beam, the second surface grating was added and the images for a scan of over
300 nm are shown in Figure 34(c). Figure 34(c), clearly proves that the combination of two surface
gratings and a holographic phase plate with accordingly matched periods works as an achromatic
phase element over a broad spectral range.
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Figure 34: Far field profiles of the diffracted beam after propagating through (LEFT) a
holographic four-sector mode converting mask, (MIDDLE) one surface grating aligned to the
Bragg angle of a holographic mask, and (RIGHT) two surface gratings aligned to the Bragg angle
of a holographic phase mask.
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3.4. Multiple laser sources
The goal was to achieve successful mode conversion from a fundamental TEM00 to a TEM11
mode profile for laser sources of different wavelengths without needing to angularly tune the HPM.
In our experiment, five different narrow linewidth laser sources were used to cover a wavelength
range of over 1000 nm (488-1550 nm). Each laser’s output was expanded to a beam diameter of
approximately 6 mm to ensure a high HPM efficiency while remaining within the clear aperture
of the surface gratings (10×10 mm). The first surface grating was aligned so that the HPM’s Bragg
condition would be met for all wavelengths; the second grating successfully nullified the beam
deviation and dispersion. To achieve far field imaging, the beam was focused with an achromatic
doublet (f=500 mm) onto a CCD camera.

Commercial Argon-ion (488 nm), He-Ne (543 nm and 632 nm), and diode (765 nm, 1064 nm
and 1550 nm) laser sources were used to show the achromatic properties of the AHPM. Successful
TEM00 to TEM11 mode conversion was achieved for each source, as shown in Figure 35. Three
diffraction efficiency measurements were performed for each of the six sources - the surface
diffraction grating, the HPM itself, and lastly the full AHPM combination. These measurements
are shown together with the corresponding theoretical calculations in Figure 36. The theoretical
predictions and measurements for the surface gratings matched the ones provided by the
manufacturer, measuring 80% efficiency at 765 nm. When measuring the HPM’s efficiency, the
HPM had to be angularly tuned to the Bragg condition of each individual source’s wavelength.
Without angular tuning, the HPM would only be able to diffract one of these sources, as each
source is spectrally separated by far more than the bandwidth of the HPM. Due to the lack of antireflection coatings on the HPM, the efficiency measurements of the HPM took into account any
reflection losses. The HPM showed a maximum diffraction efficiency of 87% at 765 nm. Coupled
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wave theory was used to model the expected diffraction efficiency, and results showed a similar
trend of a higher efficiency near 600-800 nm region. Due to the HPM’s diffraction efficiency
properties being the same as of a TBG, optimization of the grating’s strength and length can be
made to reach efficiencies near 100%. The measured absolute diffraction efficiencies of the AHPM
(that, by implementing the surface gratings on both sides of the HPM, eliminated the need to
angularly tune the HPM) showed a maximum of 47% at 765 nm and followed the behavior of the
surface gratings efficiency profile. The theoretical efficiency was calculated by multiplying the
efficiency of the HPM to that of the surface gratings, and the results were consistent with measured
values. For many applications, a high diffraction efficiency is desired, and becomes even more
critical in systems with multiple diffractive elements. Even though our measured diffraction
efficiency was only 47%, optimization of the system can be done to reach higher efficiencies. Due
to the HPM’s diffraction efficiency properties being the same as of a TBG, optimization of the
grating’s strength and length can be made in order to reach diffraction efficiencies near 100%.
Surface gratings have been shown capable of reaching higher diffraction efficiencies near 95-99%
theoretically [104] and experimentally [105]. This was done by controlling the gratings periodic
structure and groove depth in order to suppress the diffraction in non-desired orders [104]. As well,
multilayer surface dielectric transmission gratings, which is the combination of a thin film
dielectric coatings and an etched periodic grating structure, has achieved diffraction efficiencies
of >95% [106, 107]. While the experiment was to show proof of concept of the AHPM, a fully
optimized system can reach estimated diffraction efficiency between 90% and 98%.
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Figure 35: Far field images of the Gaussian beams converted to TEM11 mode for an (a) 488 nm
(b) 543 nm (c) 632 nm, and (d) 765 nm diode, (e) 1064 nm, and (f) 1550 nm laser. (Sizes are not
to scale)

.
Figure 36: Comparison of measured and simulated diffraction efficiencies for the (a) surface
grating at normal incidence, (b) the HPM at each source’s wavelength Bragg condition, and (c)
the AHPM system at normal incidence for all sources.
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3.5. Femtosecond laser source
Ultrafast femtosecond laser systems have enabled many breakthroughs in the fields of science
and technology. Their continued development and growth has led to industrial applications such
as high-precision micro-machining, industrial processing, ultra-fast detection, biology, and
material processing [108-112]. Currently, further research is being done in manipulating the
transverse mode structure of femtosecond systems in order to further their applicability [113]. The
zero-intensity center of higher order transverse modes provides an optical trapping effect for a
wide range of potential applications in subwavelength nonlinear microscopy, optical tweezers for
micro- and nano-manipulation, and for creating filamentation of radiation [114-117]. In order to
show that the AHPM could be applicable in creating such non-Gaussian beam profiles where
broadband laser sources are used, we performed tests with a commercial femtosecond laser system
(FemtoFErb 780 from Toptica Photonics, Inc), with specifications listed in Table 3. Figure 37(a)
shows the image of the fundamental mode output after imaging with an achromatic doublet.
Initially, when using only the HPM (no surface gratings), the chromatic dispersion causes the beam
to smear in the diffraction plane, resulting in an unsuccessful mode-converted beam, as shown in
Figure 37(b). This dispersion was eliminated, showing proper mode conversion, when using the
full AHPM system, as shown in Figure 38. The four sector HPM allows three different mode
conversions to be achieved depending on beam location relative to the phase shift boundaries;
Figure 38 shows the mode transformations of the femtosecond beam (TEM00 to TEM01, TEM10,
and TEM11) using the AHPM system.
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Table 3: FemtoFErb 780 femtosecond laser specifications
Parameter:

Specification:

Central Wavelength [nm]
Bandwidth(FWHM) [nm]
Pulse Duration [fs]
Pulse Average Power [mW]
Pulse Peak Power [kW]
Expanded Beam Diameter [mm]

780
12.8
<100
60
~10
3.2
1.6

𝑀2

Figure 37: Far field images of a femtosecond TEM00 beam (a) the beam converted with HPM only
(b). Angular dispersion results in beam smearing in plane of diffraction.

Figure 38: Far field images of femtosecond beam mode conversion from TEM00 to (a) TEM10, (b)
TEM11, and (c) TEM01 after passing the single mode beam through the AHPM. (Sizes are not to
scale)
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We also investigated the spectral width of the transformed femtosecond beam, with the purpose
of verifying that no spectral bandwidth was lost. Figure 39 shows spectra of the original laser
pulse, the pulse transformed with HPM, and the pulse transformed with AHPM. The spectral
measurements of the beams were done using a fiber coupled optical spectrum analyzer (OSA). The
original laser pulse had a bandwidth of 12.8 nm. If converted by the HPM only, the output
bandwidth measured decreased to 1.8 nm over the angular range captured by the OSA. This is due
to the dispersion of the HPM; when shifting the OSA collection optics to measure the diffraction
at different angles, the center frequency of the measured spectrum would shift to other portions of
the source’s original spectrum. However, the spectrum of the beam after the AHPM showed
negligible alteration to the spectral structure at a fixed diffraction angle, confirming that
achromatic mode conversion for a broadband femtosecond pulse was achieved. The overall
diffraction efficiency of the AHPM when converting the femtosecond pulses was 41%, which was
due to the gratings’ efficiencies (particularly the surface gratings) not being optimized for use
around 780 nm. An optimized AHPM (where both the volume hologram and surface gratings are
appropriately designed) is expected to exhibit over 99% diffraction efficiency at the desired peak
wavelength.
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Figure 39: The original femtosecond pulse spectrum and output spectra after conversion with HPM
and AHPM.

In conclusion, stable mode conversion was successfully demonstrated with a binary 4-sector and
a gray scale vortex HPM at power densities as high as 16.2 kW/cm2. Both HPM’s showed
diffraction efficiencies from ~70 to ~85% and successfully converted the far field intensity to a
TEM11 and HG1 profile. The 4 sector HPM underwent a bleaching process with visible radiation
at 532 nm resulting in a lower absorption coefficient of 2.5x10-4 cm-1 at 1 µm, which is a 2.8x
improvement to the un-bleached vortex’s coefficient of 7x10-4 cm-1. At 16.2 kW/cm2 the bleached
and non-bleached HPMs showed maximum temperatures near ~30°C and ~90°C respectively.
Diffraction efficiencies and far field intensity images were consistent with both for the bleached
and non-bleached HPM up to 16.2 kW/cm2. Implementing active air-cooling on the non-bleached
vortex HPM resulted in a ~47°C drop in temperature, but no observable change in diffraction
efficiency or the far field intensity profile. These stabilities conclude that the thermal stress
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introduced on the bleached and non-bleached PTR glass at 16.2 kW/cm2 does not hinder the
HPM’s performance. Further testing at higher power densities should be done to investigate the
limitations of the HPMs, and active air cooling could be implemented when scaling to power
densities beyond the limitations of PTR glass. By pairing the HPM with surface gratings having
twice the period of the HPM, a new element functioning as an achromatic holographic phase mask
(AHPM) for broadband sources was demonstrated. Successful mode conversion was demonstrated
on several sources spanning a spectral bandwidth over 1 μm and a broadband femtosecond source
with a spectral bandwidth of 12.8 nm. While the experiment was to show proof of concept of the
AHPM, a fully optimized system can reach estimated diffraction efficiency greater than 90%. This
new optical element dramatically increases the potential applications of optical phase masks in
broadband sources including ultrashort pulse lasers.
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CHAPTER 4: BRIGHTNESS ENHANCEMENT OF Q-SWITCHED
LASERS
Designing high brightness, short-pulsed Q-switched laser systems for industrial uses is
challenging due to system constraints [27, 29]. Common designs for producing extremely narrow
pulse widths are based upon the use of compact and even monolithic cavities with saturable
absorbers in order to minimize the round trip time in the cavity [43-45]. This type of design, called
“microchip lasers”, limits the cavity mode area to approximately 100 μm for near diffraction
limited beam quality and produces sub nanosecond pulse duration [43-45]. As a tradeoff of this
design, the extractable energy for each pulse is limited due to the small pumping/lasing aperture
required for diffraction limited beam quality. Increasing the mode area to extract more energy will
result in a degradation of the beam quality, and depending on the severity of this degradation will
result in little to no improvement in brightness. A brightness enhancement technique can be
implemented inside the cavity extract more energy and in order to maintain diffraction limited
beam quality.

Conventional brightness enhancement techniques, such as a spatial filter cannot be done for these
systems due to the compact cavity length requirements. In order to improve brightness without
affecting the cavity length/pulse duration, brightness enhancement angularly with volume Bragg
gratings (VBGs) can be done in the near field of the resonator [26]. In this chapter, the brightness
enhancement of passively Q-switched (PQS) systems with large Fresnel numbers using VBGs is
investigated.
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4.1. Conventional brightness enhancement techniques
Innovations and improvements to lasers have led to kilowatts of continuous wave output powers
and terawatts in pulsed peak powers [21]. However, high power scaling of these systems
consequently has increased thermal lensing instabilities and nonlinear effects [118 to 121]. In order
to negate these effects and extract more energy, large mode areas are used for pumping. The
tradeoff of using larger mode areas is a degradation in output brightness. For many applications
the brightness is more crucial than total power, and substantial research has been directed into
filtering out higher order modes in order to maintain near diffraction limited outputs, formally
called “mode selection”.

Baker and Peters [122] first demonstrated spatial filtering with an aperture as a method for
transverse mode selection. Their method, illustrated in Figure 40, has been the conventional
method for mode selection in laser resonators. They showed that placing an aperture inside a
resonator in the far field of the beam decreased its angular distribution and increased the far field
intensity. Fox and Li further numerically modeled resonator systems with an aperture at one mirror
at the end of the cavity. They showed that the number of transverse modes oscillating in the cavity
is dependent to the cavity’s Fresnel number (18) [35, 36]. The Fresnel number is the ratio of the
mode radius (𝑎) squared to the product of vacuum laser wavelength (𝜆0 ) and cavity length (𝐿).
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Figure 40: Diagram illustrating relationship between cavity length and aperture size for a
hemispherical resonator.

𝑎2
𝑁=
𝜆0 𝐿

(58)

For example, pumping at a mode diameter of 1 mm requires a minimum cavity length of quarter
a meter for diffraction limited emission (N=1) with spatial filtering. Cavity lengths of this
magnitude can be impractical especially in PQS systems where the cavity length needs to be
minimized for short pulse durations.

In order to remove the dependence of cavity length, mode selection based on angularly selective
elements have been proposed. Theoretical calculations of such elements in laser cavities were
conducted by Bisson [123]. He showed that it is possible to limit the lasing beam to the
fundamental mode independent of cavity length. As stated previously, VBG’s unique angular
selective properties make them ideal for angular mode selection. Early modeling and experimental
work of angular filtering with VBGs was presented by Zhang and Tan [88, 89]. Figure 21 illustrates
the theoretical concept of matching the VBGs angular diffraction efficiency profile to the angular
divergence of the fundamental mode. By maximizing the diffraction efficiency of a specific mode
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inside the resonator, the resulting output beam after the gain and feedback process will naturally
exhibit this mode profile.

Figure 41: Theoretical demonstration of mode selection with a TBG’s angular selective diffraction
efficiency based on overlap (LEFT). The resulting output (RIGHT) has severely reduced higher
order modes [39].

Angular mode selection was first demonstrated on semiconductor lasers in convergent beams
using reflecting Bragg gratings (RBGs) and collimated beams by means of transmitting Bragg
gratings (TBGs) [26]. Due to semiconductor chip geometry the fast axis is usually diffraction
limited, but the slow axis exhibits a large number of transverse modes. After mode selection the
spatial brightness was increased by an order of magnitude [26]. This same approach of using
convergent beams for RBGs and collimated beams with TBGs was demonstrated on solid-state
lasers [26]. Due to VBG’s angular selective properties being in only one axis, two VBGs had to
be implemented orthogonally to preform uniform mode selection. Extensive modeling and
research of mode selection with VBGs in solid state and fiber lasers was done by Anderson [28,
90, and 91].
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4.2. Experimental set up and resonator design
The experimental set up for brightness enhancement with VBGs in PQS systems is laid out in
Figure 42. In order to reach the absorber’s saturation intensity for large pump diameters, three 808
nm diodes were incoherently combined into a single fiber. The diodes were driven quasicontinuous wave (QCW) operation for 1 ms at a 100 Hz rate in order to drive the diodes higher
than their maximum allowable current and to minimize thermal lensing for a stable cavity. The
PQS laser was investigated in the three different configurations illustrated in Figure 43.
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Figure 42: Experimental set up of brightness enhancement of a high Fresnel number q switched
laser.

All three configurations consisted of a 5 mm thick 1% doped Nd:YAG rod, a 65% transmission
Cr:YAG saturable absorber, and a 40% reflective output coupler. The back surface of the Nd:YAG
crystal was coated with a highly reflective film at 1064 nm and high transmission at 808 nm, and
functioned as the input cavity mirror. The absorber’s surfaces were coated with anti-reflective
(AR) film 1 μm radiation. The output coupler was situated to create a planar cavity with a length
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~3.5 cm, and this length was maintained for each configuration for accurate comparison.
Configuration (a) was the free running cavity with no angular selective element and produced
multimode outputs. Configuration (b) had TBG1 implemented for angular mode selection with the
output coupler aligned to provide feedback to the diffracted wave. Due to the nature of a VBG
being angular selective along the axis of Bragg diffraction, TBG2 was implemented orthogonally
to TBG1 for two-dimensional mode selection, creating a configuration (c). Each TBG had a
diffraction efficiency of ~95% with an angular selectivity of 10 mrad FWHM, and its coating
showed a ~2% reflection at 1064 nm. A series of measurements were performed in each
configuration in order to examine the effects of implementing VBGs in PQS systems for brightness
enhancement.

Figure 43: PQS Nd:YAG planar cavity configurations with (a) no angular selective element, (b)
one TBG implemented for angular filtering in one transverse axis, and (c) two orthogonal TBGs
for angular filtering in both transverse axes.
The output from the laser cavity was directed onto a power meter and sampled with two fused
silica glass beam samplers for temporal and spatial measurements. Pulse durations were measured
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with an 8 GHz, InGaAs photodetector and a 2 GHz OSCOPE. Reflected output from the second
sampler was focused onto a CCD attached to a translation stage for caustic measurements. The
output images from the CCD were imported into a MATLAB software for analysis. The MATLAB
software calculated the ISO standard D4σ width, defined as the 4 times the standard deviation of
the energy distribution from the beam centroid, for each X and Y transverse directions [123]. The
noise level was appropriately reduced by averaging multiple frames and with background
subtraction in the MATLAB program. The background subtraction in the program was done at a
minimal level in order to ensure no clipping of the profiles.

Several images were taken inside and outside the Rayleigh range (the distance required for 𝑤 ≈
√2𝑤0 ) in order to get ISO standard measurement [123]. A caustic profile for each transverse axis
was made by plotting the beam width by the distance from the focusing lens. These caustic
measurements were fitted to a hyperbolic function from ISO standard 11146 to calculate beam
quality [123]. The beam quality measurements for each cavity configuration was used to calculate
brightness and compared. This beam quality measurement setup was first tested on a commercial
single mode diode laser, and accurately measured the expected diffraction limited beam quality.
All calculated M2 values showed a standard error less than ±.05.

4.3. Experimental results
Figure 44 is the power efficiency curves when operating each of the three cavity configurations
QCW. Implementing the TBGs increased the threshold and decreased the slope efficiency due to
diffraction, reflection, and scattering losses. The diffraction and reflection losses resulted in total
energy being spread from the output beam to the non-diffracted beam and the reflected beams.
PQS was successfully achieved by implementing the saturable absorber in front of the laser crystal
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and pumping to the absorbers saturation intensity. Due to operating the diode QCW, the Qswitching repetition rate was fixed at the QCW rate. Pumping at higher levels resulted in additional
pulses to be created within the window of pump operation. In order to accurately compare each
configuration, all pulse energy and time measurements were taken at the pump level necessary to
generate a single pulse at the QCW pump repetition rate.
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Figure 44: Measured average output power (W) for each cavity configuration with QCW pumping
(sat. abs. was removed)
In order to demonstrate the effects of larger mode diameters on output energy and brightness the
Nd:YAG laser was pumped at a 0.5 and 1 mm mode diameter in configuration (a). After doubling
the pump diameter, the pulse energy increased from 0.3 mJ to 1.3 mJ as theoretically expected.
However, as can be seen from the caustic measurements in Figure 45, the power scaled beam
exhibited a larger focus and higher divergence severely degrading the brightness. Figure 46
compares the far field intensity profiles of the single mode (M2~1) to the multimode (M2~5.3)
output. Scaling to this larger mode diameter resulted in decrease in brightness and a waste pump
energy.
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Figure 45: X caustics when pumping with a 0.5 mm (BLACK) and a 1 mm (RED) pump mode
diameter in configuration (a).

Figure 46: Far field images and intensity profiles of the minimum spot size after optically pumping
configuration (a) with a .5 mm (TOP) and a 1 mm (BOTTOM) mode diameter.
TBG1 was implemented for brightness enhancement, and the resulting caustic measurements and
far field intensity profile are shown in Figure 47 and Figure 48. TBG1 caused an asymmetric output
in X and Y transverse profiles due to the TBG’s angular selectivity being highly one dimensional
(the horizontal axis in this configuration). M2 fittings resulted in a 3.3 times improvement factor
in Mx2, and 1.2 times improvement in My2. The output energy dropped to 0.7 mJ due the TBG’s
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insertion losses. Even though there was a drop in pulse energy, there was a 3.3X brightness
enhancement compared to the multimode beam.

1.0

X Caustic
Y Caustic

Beam Diameter, mm

0.8

0.6

0.4

0.2

0.0
220

230

240

250

260

270

280

290

Distance, mm

Figure 47: X and Y caustic measurements after implementing a VBG1 for configuration (b).

Figure 48: Far field intensity profiles of cavity configuration (b) showing an asymmetric output.

TBG2 was inserted orthogonally to TBG1 to provide angular filtering in both transverse
directions. Caustic measurements in Figure 49 and the far field intensity profile in Figure 50
showed that introducing the second TBG orthogonally resulted in a symmetric output. Both Mx2
and My2 were near diffraction limited, and the TBG2’s insertion losses resulted in a pulse energy
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of 0.4 mJ. However due to the beam quality being improved by nearly 5 times, the brightness
compared to the multimode beam was improved 7.7 times. All measurements related to thresholds,
slope efficiencies, beam qualities, pulse energies, and brightness for all configurations are
compiled in Table 4.

The acquired temporal profile, shown in below, measured a duration near 1.5 ns (FWHM). There
was no observable change in pulse duration for each configuration. These observations confirm
that by implementing TBGs instead of a conventional spatial filter, diffraction limited beam quality
can be achieved in cavities with high Fresnel numbers. Specifically, for Q-switched systems
diffraction limited output with sub-nanosecond pulse durations can be achieved. The insertion
losses of the TBGs can be improved with proper antireflection coating and ~99% diffraction
efficiencies.
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Figure 49: X and Y caustic measurements after implementing a VBG2 orthogonally for
configuration (c).
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Figure 50: Far field intensity profiles of cavity configuration (c) showing a symmetric diffraction
limited output.

Table 4: Compiled measurements for configuration (a), (b), and (c)’s output.
Measurement:

Cavity Configuration:
(see Figure 43)

(a) (a) (a) (a)
Pump Diameter [mm]
0.5
1
1
1
QCW Threshold [W]
1.68 1.77 1.78
Slope Efficiency [%]
37
27
20
1
5.3 1.6
1
𝑀𝑥2
2
1
5.3 4.4
1
𝑀𝑦
1
5.3 3.7
1
𝑀2
Average Pulse Energy [mJ] 0.3 1.3 0.7 0.4
Brightness [W cm-2 sr-1]
0.61 0.58 0.76 0.96
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Figure 51: A sample temporal profile of a pulse after PQS, similar profiles were obtained for
configuration (a), (b), and (c).

In conclusion, diffraction limited output of a passively Q-switched laser with a high Fresnel
number was achieved by using TBGs for angular mode selection. For original geometry, increasing
the mode diameter from 0.5 mm to 1 mm resulted in a 4.3 times increase in pulse energy but the
degradation of beam quality resulted in no improvement in brightness. Implementing two 10 mrad
TBGs orthogonally resulted in a 7.7 times brightness enhancement despite losses introduced by
the TBGs. Conventional mode selection techniques (i.e. iris) required a minimum cavity length of
250 mm to achieve diffraction limited output, which would have severely stretched pulse
durations. There was no observable change in the ~1.5 ns pulse duration after implementing the
VGBs. The insertion losses of the TBGs can be improved with proper antireflection coating and
~99% diffraction efficiencies. These observations confirm that implementing TBGs instead of a
conventional spatial filter diffraction limited beam quality can be achieved in cavities with high
Fresnel numbers. Specifically, for Q-switched systems diffraction limited output with subnanosecond pulse durations can be achieved. Given that the minimum angular selectivity of
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currently produced TBGs is near 0.1 mrad, this technique could potentially be applied to construct
compact cavities with 1 cm diameter beams and nearly diffraction limited beam quality
.
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CHAPTER 5: DUAL-WAVELENGTH LASERS
Dual-wavelength laser systems have been an area of research and innovation that has attracted
much attention over the years. The ability to produce multiple lasing channels from a single system
brings compactness, minimizes complexity and usually makes the system more cost effective.
Such systems have found applications in the areas of nonlinear conversions, environmental
monitoring, and optical communications [25]. In the recent years, dual frequency lasers have been
used to produce terahertz (THz) waves by nonlinear difference frequency generation (DFG) [125].
THz waves, due to their small scattering and low photon energy, can pass through many materials
and leave living organisms unaffected, making it ideal for medical imaging [125]. As a result, there
is a great desire to develop a compact, durable, and tunable high power THz source.

The first dual-wavelength laser source was demonstrated by Betha using a Nd:YAG crystal to
produce two channels centered at 1.06 and 1.318 μm [126]. Nd3+ has been a popular medium for
producing dual channel systems due to its multi-peak emission spectrum and high gain properties
to meet threshold conditions [127, 128]. However, other dual wavelength systems have been
shown using Er3+, Ho3+, and Tm3+ doped materials 24]. Main approaches to create dual wavelength
laser systems are through introducing wavelength selectors, such as prisms [129], Fabry-Perot
etalons [126], and specialized dielectric mirror coatings [130]. The main drawback of
implementing these elements is the insertion loss, which will degrade laser performance. Other
issues to consider are the selector’s damage threshold, and the unwanted crosstalk.

Another promising and flexible approach for building high power multiwavelength laser systems
that are also narrowband, tunable, and gain independent, is spectral beam combining using volume
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Bragg gratings (VBGs). VBGs are ideal beam combining optical elements because they can be
optimized to have 99.9% diffraction efficiencies, have less than 1% losses, and a bandwidth could
be narrowed down to 10 pm [ 74]. The first demonstration of spectral beam combining by a VBG
was described in Ciapurin [80]. The use of two sequential VBGs as output couplers in a cavity of
a semiconductor laser resulted in stable dual wavelength emission [131]. The further development
of dual wavelength laser systems was produced by spectral combining of two amplifiers in a
common resonator by means of two VBGs tuned to different wavelengths [132, 133]. The later
scheme allowed automatic control of the emitting wavelengths and provided collinearity of the
emitted beams. Both approaches demonstrated high efficiency and no significant degradation of
the beam quality.

In this chapter, a similar spectral beam combining approach was applied to create two
narrowband, tunable, dual-wavelength laser sources based on implementing volume Bragg
gratings as frequency selectors. The first system consisted of two separate Tm:YLF based cavities
with their VBGs aligned to a common output coupler for a two-channel resonator. This resonator
design resulted in the channels to be independent in power and wavelength, eliminating gain
competition and allowing some individual wavelength tunability. The performance of the system
in terms of output power levels, pulse energies, and spectral properties are presented and discussed
for both continuous wave (CW) and passive Q-switched (PQS) operation. Due to cost effectiveness
and potentially higher THz average powers, a second 1 μm system based on Yb:KYW was also
constructed in a similar resonator layout. Comparison of pulse durations and synchronization was
done between passive and active Q-switching. Finally modeling of the THz conversion efficiencies
was done, and an experimental set up for THz generation and detection was proposed.
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5.1. Dual-wavelength Tm:YLF THz source
A schematic of the dual channel laser system is presented in Figure 52. Each channel consist of
a 3 mm in diameter, 10 mm long Tm:YLF crystal with a doping concentration of 3% and with the
c-axis cut parallel to the rod axis. To reduce thermal lensing effects and obtain high output powers,
the crystals were enclosed in indium foil and held inside a water cooled copper mount. Each crystal
was pumped by a high brightness fiber coupled 793 nm laser diode module. The pump modules
are capable of delivering 30 W of continuous optical power through a 105 μm core diameter fiber
with a 0.22 numerical aperture. End pumping with aspheric lenses provided a pumped area
diameter of ~320 µm.

Two W-shaped individual amplifiers were mutually coupled and converted to a dual wavelength
laser by two VBGs and a common output coupler. The total optical path length for each channel
was approximately 70 cm. Each channel’s pump beam was directed through a planar dichroic
mirror (M1 and M2) for longitudinal pumping of the crystals. Two spherical mirrors (M3 and M4)
were spaced two focal lengths away and aligned to the dichroic mirrors in order to increase beam
diameters on any optical component. This configuration avoids overloading the antireflection
coatings’ allowed energy density during Q-switched operation. Two additional spherical mirrors
(M5 and M6) were spaced one focal length away and tilted to collimate and direct the crystals’
emission onto their corresponding VBGs. The role of the VBGs was to guarantee that only the
specified fraction of the emission spectrum that met the Bragg condition, based on incident angle,
was diffracted with high efficiency towards the planar dielectric output coupler providing narrow
band feedback. As it is seen in Figure 52, the combining of the two beams is done by the second
channel’s VBG. The first channel, after diffracting from VBG1, passes through VBG2 before
going to the output coupler. This channel does not undergo Bragg diffraction because VBG2’s
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grating period is offset to diffract near 1905.5 nm at this incident angle. Since VBG1 diffracts only
1887.5 nm, the light does not interact with the Bragg grating structure, and passes through like a
normal plate of glass. If channel 1 was the same wavelength at channel 2, the beam would diffract
instead of passing through VBG2 resulting in no beam combination. Thus the VBGs determined
not only each channel’s wavelengths depending on their tilt angles but one of them served as a
wavelength-combining element. In addition, this VBG combing approach and the common output
coupler provided collinear propagation.

Figure 52: Schematic of a tunable dual-wavelength Tm:YLF laser based on spectral beam
combining with reflecting volume Bragg gratings.

The volume Bragg gratings used had a spectral width < 1 nm and a diffraction efficiency in the
spectral range from 1890 to 1908 nm more than 99%. They were antireflection coated to reduce
any insertion loses. After implementation into the cavity, the gratings preformed as efficiently as
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high reflective planar mirrors, but also behaved as spectral locking elements providing feedback
for specified for each channel wavelengths only.

Figure 53 shows the CW output power dependence from absorbed pump power for the individual
and simultaneous channel operation using 30% output coupling. For one channel, threshold for
lasing was 0.6 W of absorbed pump power and the slope efficiency was 50%. Maximum output
power measured was 5.7 W which is comparable to similar systems previously developed [134].
Implementing the second lasing channel resulted in a threshold of 0.7 W, and a 46% slope
efficiency. The output power during simultaneous operation of both channels resulted in a
summation of each channels output power with no gain competition, achieving a maximum of 11
W. In order to ensure exact co-propagation and overlap, we maximized the dual channel output
power through two apertures. One aperture was placed close to the output coupler and the other
was placed at ~2 meters from the first one. Additional indication of the proper spatial overlap was
the change of the repetition rate during Q-switching operation which increased when both channels
were properly overlapped. This is due to both channels saturating the same area on the saturable
absorber. Since both channels are aligned to the same output coupler the beams were collinear and
also spatially overlapped at multiple locations. Each individual channels’ beam quality parameter
M2 was measured, to be Mx2 ~ 3.2 and 2.2 and My2 ~ 2.1 and 2.4 respectively, which changed
during dual operation to an Mx2 ~ 3.6 and My2 ~ 2.3. We used the relative minimization of the
combined M2 value as another parameter, which ensures proper overlap of the two beams. Since
our focus was to extract as much as possible pulse energies, high M2 numbers were expected
because large mode volumes had to be used in order to avoid any optical damage.
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Figure 53: Output power versus absorbed pump power per channel for individual and simultaneous
CW operation with a 30% transmission coupler.

Figure 54 shows the measured reflection spectra for a normal incidence angle of the VBGs used
in the system. VBG1 has central wavelength for normal incidence of 1892.4 nm and spectral width
of 1.7 nm (FWHM). VBG2 has central wavelength for normal incidence of 1907.8 nm and spectral
width of 1.5 nm. Both VBGs showed a reflectance of exceeding 99.9%. Emission spectra of a
cavity with the VBG2 and with the grating replaced by a broadband dielectric mirror are shown in
Figure 55. It is well seen that comparing to a broadband mirror, a narrowband feedback provided
by the VBG, results in dramatic decrease of spectral width while keeping comparable output
power.
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Figure 54: Reflectance spectra at normal incidence for each volume reflecting Bragg grating with
a thickness of 5 mm. Efficiency of each grating is >99% with bandwidth (FWHM) of 1.6 nm.
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Figure 55: Emission spectra for a single channel Tm:YLF cavity with VBG2 as depicted in Figure
52 (RED) and with a broadband dielectric mirror instead of the VBG2 (BLACK).

Figure 55 presents the emission spectra, showing center wavelengths of 1887.5 and 1905.5 nm
for VBG1 and VBG2 channels correspondingly. Emission wavelengths of laser channels are
shifted in short wavelength side because of VBGs inclination in the cavity. Spectral width of VBG1
channel is 0.8 nm, VBG2 – 0.25 nm. Difference in spectral widths is determined by both difference
of widths of the gratings and different inclination angles. Both channels were observed to be highly
independent of each other, and the power level in each channel was individually tuned. This feature
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is demonstrated in Figure 57 where emission spectra are measured when both channels had similar
pump powers and when each channel’s pump power was separately reduced by half. As can be
seen, the change in output power for each channel is completely determined by the pumping for
that channel and does not depend on the pumping level of the other channel. By changing the
incident angles on the VBGs the spectral spacing between the channels was tuned from 5 nm to
20 nm (0.4 to 1.7 THz), as shown in Figure 58. For larger channel wavelength separations, a
multiplexing of several VBGs in one glass element could provide easy switching between discreet
THz output frequencies [79]. For precise central wavelength positioning, fine wavelength tuning
with accuracy about 0.005 nm can be achieved by controlling the temperature of each VBG due to
the VBGs thermal dependence of their resonant wavelength (0.02 nm/K).

Figure 56: Emission spectra taken with a high resolution spectrometer for channel with VBG1
(LEFT) and VBG2 (RIGHT).
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Figure 57: Emission spectra of a double channel Tm:YLF laser with different pumping levels in
different channels
A. 1st channel – 12.9 W absorbed and 0.817 W output power, 2nd channel – 6.97 W and 0.432 W
B. 1st channel – 12.9 W absorbed and 0.817 W output power, 2nd channel – 12.9 W and 0.801 W
C. 1st channel – 6.9 W absorbed and 0.432 W output power, 2nd channel – 12.9 W and 0.801 W

In terms of polarization properties, both channels had strongly linearly polarized outputs due to
the properties of the Tm:YLF medium. For nonlinear THz frequency conversion in crystals, such
as GaAs, it is important that both polarizations are aligned to the correct axis of the crystal for
proper phase matching [135]. In this work, the polarizations of the two channels were matched by
rotating the individual Tm:YLF crystals along their cylindrical axis.
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Figure 58: Emission spectra for different incident angles at VBGs. Black lines – channel separation
5 nm (0.4 THZ), red lines – channel separation 20 nm (1.7 THz).
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Pulsed lasers, due to their high peak power, are more applicable in nonlinear optical conversion
processes. In relation to that, an investigation into Q-switching of the dual channel system was
done. Passive Q-switching with a saturable absorber was chosen because of cost effectiveness and
implementation ease. In order to select the appropriate saturable absorber, multiple passively Qswitched (PQS) models from Degnan, Xiao, and Paschotta were used to calculate the estimated
saturable absorber transmittance for kW peak power levels [40, 42, and 48]. The material Cr:ZnSe
was chosen due to its high absorption cross section in the 1880-1908 nm range resulted in
successful application in Tm:YLF systems [136]. Based on calculations, a saturable absorber with
60% to 95% transmission is able to produce sufficient pulse peak powers in the kW range, and
therefore an 80% transmission was chosen for generating high peak power without damaging the
cavity with excessive intracavity energy.

PQS operation was successfully achieved after implementation of the 80% transmittance
Cr:ZnSe saturable absorber and a 30% transmittance output coupler. The average output power,
shown in Figure 59, shows a threshold for lasing at 1.8 W of absorbed power and increases linearly
with a 31% slope efficiency. Pulse energy, peak power, and repetition rate dependences on pump
power are compiled in Figure 60. These values were measured over an average of 10,000 pulses
for each level of pump power using a commercial energy meter from Gentec-EO. At 5.7 W of
absorbed pump power the average pulse energy was 4.9 mJ, with a standard deviation of 0.4 mJ
and a repetition rate of 225 Hz. The maximum measured pulse energy acquired over that span of
10,000 pulses was 5.8 mJ. The peak-to-peak stability was measured to be 28% with an RMS
stability of 2.8%. These are the highest achieved energy levels, to the best of our knowledge, in
PQS dual-wavelength Tm:YLF system. The key factor limiting further power scaling is the
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damage thresholds of the AR optical coatings if the same laser mode areas are used. Optical
damage has been observed on the crystals and on the Cr:ZnSe saturable absorber at maximum
pump power, therefore further power scaling will require increasing of the mode area.
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Figure 59: Average output power versus absorbed pump power for CW and PQS operation with a
30% transmission coupler.

Figure 61 shows the measured temporal pulse train and temporal pulse profile at 5.7 W of
absorbed pump power. The FWHM pulse duration measured consistently near 90 ns at different
pump levels, corresponding to a maximum peak power of 65 kW for a 5.8 mJ pulse. This
consistency is due to the pulse durations, in PQS systems, being highly dependent on round trip
time in the cavity and saturable absorber losses. This consistency in pulse duration is comparable
in past published PQS Tm:YLF systems in Korenfeld et al, Canbaz et al, and Faro et al [136-138].
No secondary pulses or parasitic emission were observed. Due the VBGs spectral selectivity being
dependent on angular alignment orientation, there was no observed change in each channels
spectral bandwidth when transitioning from CW to PQS operation.
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Figure 60: Pulse parameters dependence on absorbed pump power for the passively Q switched
dual channel system.

As seen from Figure 61, we can only observe one common temporal shape at any time. For
further verification of temporal overlap, the output pulses were spectral split and showed a 3-4 ns
discrepancy in their durations. While observing each beam separately, their individual pulse
energies were compared after manipulating each channel’s pump energies. In order for an equal
amount of output energy in each channel, a channel 1 to 2 pump energy ratio of 0.9 had to be used.
This slight extra amount of pump energy needed for channel 2 is due to the slightly lower
efficiency performance than channel 1, which was also observable for the continuous wave output
power in Figure 53.
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Figure 61: Temporal pulse train and pulse profile (INSERTION) for the passively Q switched dual
channel system, measuring ~90 ns FWHM pulse duration.

A successful development of a high power dual wavelength laser system was accomplished by
spectral beam combining in a two-channel cavity using two volume Bragg gratings for narrow
band feedbacks and a common wide band output coupler. Under continuous wave running
conditions, each channel’s slope efficiency was greater than 45% and the maximum combined
output power achieved was 11 Watts. The two laser channels showed no cross talk and their power
levels were individually controlled. The spectral spacing between the channels was tuned from 5
to 20 nm (0.4 to 1.7 THz) by angular tuning of the VBGs. Wider tuning range can be achieved by
introducing additional single or multiplexed VBGs. Passive Q-switching was achieved by using a
80% transmittance Cr:ZnSe saturable absorber and demonstrated output pulses with total energy
greater than 4.5 mJ and pulse duration of 90 ns (~65 kW of peak power). With the demonstrated
power levels and spectral spacing, this system could work well as a nonlinear THz pump source.
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5.2. Dual-wavelength Yb:KYW source
Generating THz with 1 μm radiation has some advantages over using 2 μm. First, optical
elements and detection equipment designed for the 1 μm are more cost effective and commercially
available. Second, the upper state lifetime of Nd3+ and Yb3+ doped materials are on the order of
hundreds of microseconds which leads to kHz PQS repetition rates [27, 139]. These repetition
rates are an order of magnitude higher than the PQS rates of Tm and Ho doped materials (upper
state lifetime ~10’s msec) and are favored for generating THz average powers [27]. Lastly,
generating THz with 1 μm radiation in GaP can be much more trivial compared to using GaAs and
a 2 μm source, due to a much longer coherence length [140-143].

Yb:KGW/KYW based systems have shown to have broad gain bandwidths and high power
efficiencies [72]. A Yb:KYW laser was made with tuning range was 997 nm to 1050 nm (15 THz)
and capable of reaching a maximum output power of 4.7 W by using VBGs [72]. A dualwavelength Yb:KGW laser was presented by Brienier using multiplexed transversely chirped
volume Bragg grating (TCVBG) with a tunable separation from 0 to 7.8 THz [74]. These past
works make Yb:KYW/KGW systems with VBGs a plausible option for generating THz radiation.

A dual-wavelength cavity based on the Yb:KYW gain medium, shown in Figure 62, was created
in a similar configuration to the Tm:YLF system. The 3x3x3 mm Yb:KYW medium had a doping
concentration of 3% and cut in Np-axis. The crystal’s structure resulted in the absorbed and emitted
radiation to be highly polarization dependent. A single 980 nm diode was split into two
independent linearly polarized beams with a power attenuation from .5 W to 16 W. Each pump
beam was directed longitudinally to a ~200 μm diameter and their polarizations rotated for
maximum absorption (>90%). By controlling the incident pump power with polarization optics
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instead of by drive current, the diode’s wavelength was stable at all power levels for optimum
pump absorption.

Each channel’s gain element was mounted in their individual heatsink for collinear polarization.
Multiple VBGs were recorded to produce central wavelengths spanning from 1027 to 1040 nm
(~3.6 THz). The gratings were designed for a 100% diffraction efficiency, and the insertion losses
were minimized with antireflection coatings. A 90% Cr:YAG saturable absorber was placed in
front of the output coupler in the common cavity arm to Q-switch both channels. Due to generating
lower pulse energies and sufficient output coupling, there was no need to implement a second pair
of spherical mirrors to avoid optical damage.
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1s t LD Pump Beam
Cr:YAG

VBG2

20% OC

VBG1

M2
Yb:KYW

M4

2nd LD Pump Beam

Figure 62: Schematic of a tunable dual-wavelength Yb:KYW laser containing a Cr:YAG saturable
absorber for PQS operation.

Figure 63 shows the CW and PQS output power dependence on absorbed pump power for
individual and simultaneous channel operation with 20% output coupling. In CW operation
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channel one had a 7.8 W threshold for lasing and a 35% slope efficiency. The second lasing
channel showed a threshold of 6.8 W, and a 45% slope efficiency. The more efficient performance
in channel two is due to additional scattering losses in channel one introduced by the VBGs. Since
both channel’s incident pump power, the CW output power for each channel can be equalized by
distributing more energy from the pump to channel one. This is presented in Figure 63 (RIGHT),
and each channel measured a maximum output power of 3.5W when pumping channel one at 18
W and channel two at 14 W. The output power during simultaneous operation of both channels
resulted in a near summation of each channels output power achieving a maximum of 7 W. In
order to ensure overlap, both channels measured output power was maximized through an iris
placed inside the cavity behind saturable absorber.
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Figure 63: CW Power efficiency curves of the dual-wavelength Yb:KYW laser with pumping at
similar (LEFT) and different (RIGHT) power levels.

Emission spectra of a channel ones’ cavity with VBG1 and with the grating replaced by a HR
broadband dielectric mirror are shown in Figure 64. The spectrum with no frequency selective
element resulted in a large spectral width near 1.8 nm with multiple peaks due to a Fabry Perot
effect. Implementing the VBG into the cavity resulted in the center spectrum to be locked to 1033.6
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nm and the spectral width to be decreased 18X to ~100 pm (FWHM). These measurements are
comparable to previously published VBG spectral locking results in Yb:KYW [72]. Another
advantage of using the VBG for spectral locking was that the output spectrum wasn’t further
altered after adding the saturable absorber. Implementing the absorber into the free running system
for PQS resulted unstable spectrum centered near 1030 nm. The precise and stable emission spectra
achieved with VBG spectral locking is critical for final THz generation.
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Figure 64: Emission spectra for a single channel Yb:KYW cavity with VBG2 as depicted in Figure
62 (BLACK) and with a HR broadband dielectric mirror instead of the VBG2 (RED).

Figure 65 presents the emission spectra, showing center wavelengths near 1033.6 and 1026.6 nm
for VBG1 and VBG2 channels correspondingly. The Spectral width of channel one was 100 pm
and channel two was 80 pm. Difference in spectral width was due to differences in grating
parameters and inclination angles. Both channels were observed to be highly independent of each
other, and the power level in each channel was individually tuned. Emission spectra measurements
showing the full dual-wavelength spectrums are shown in Figure 66. By the changing the angular
incident angles on VBG2 a small spectral shift was observed from 1027.2 nm to 1026.6 nm (.17
THz). Tuning the spectrum by changing angular alignment can disrupt collinear alignment, and
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therefore should be avoided. Instead, the spectrum was tuned by exchanging another VBG1 with
gratings of a different period. By doing this, a much larger spectral shift from 1035.8 nm to 1033.6
nm was achieved (.6 THz). This technique allows tuning to several discrete THz spacing’s (1, 2,
3 THz) without altering collinear alignment. Multiplexing of several VBGs in one glass element
could provide trivial switching between discreet THz frequencies [79]. For precise central
wavelength positioning, fine wavelength tuning with accuracy about 0.005 nm can be achieved by
controlling the temperature of each VBG due to the VBGs thermal dependence of their resonant
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Figure 65: Emission spectra taken with a high resolution spectrometer of the Yb:KYW laser
channel with VBG1 (LEFT) and VBG2 (RIGHT).
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Figure 66: Dual-wavelength emission spectra for different VBGs. Black lines – channel separation
7 nm (2 THZ), red lines – channel separation 8 nm (2.5 THz).

PQS of each channel was successfully achieved after implementation of the 90% Cr:YAG
saturable absorber in front of the output coupler. The average output power and pulse parameters
are compiled in Figure 67 and Figure 68. Implementing the absorber resulted in a larger threshold
and a lower slope efficiency with a maximum output power of 4.7 W. Increasing pump power
resulted in each channels energies to increase from 0.3 to 0.6 mJ, repetition rates to increase from
2.7 to 7.6 kHz, and durations to decrease from 230 to 120 ns. Despite this drop in energy the higher
repetition rates and cost effectiveness, makes this system more desirable to use for THz generation.
Absorbers with lower transmission coefficients can be implemented for shorter pulse durations.
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Figure 67: Average output power versus absorbed pump power of a dual-wavelength Yb:KYW
laser in PQS operation.
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Figure 68: Pulse parameters’ dependence on incident pump power for the PQS dual-wavelength
Yb:KYW laser.

In order to optimize the system for THz generation, spatial and temporal measurements were
performed on each channel with the experimental set up in Figure 69. The dual-wavelength output
was sampled with a fused silica window and directed towards a CCD. Using a 4F imaging system
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the intracavity mode profile near the saturable absorber was imaged, and the far field intensity
profile was imaged by removing the first lens in the 4f imaging system. Both channels cavities
were adjusted while monitoring the beam image order to equalize beam diameter and divergence.
Maintaining similar mode profiles near the saturable absorber ensures that both channels will
exhibit similar Q-switching performance.

Figure 69: Experimental set-up for spatial and temporal overlap of the dual-wavelength Yb:KYW
laser.

Figure 70 shows the intensity profile for each channel near the saturable absorber. Channel one
exhibited a slightly smaller mode area compared to channel two, but a suitable spatial overlap of
98% was measured. This spatial overlap was measured after imaging the beam in the far field and
after removing all lenses and letting the output propagate onto the camera, concluding that both
beams propagate collinearly with similar divergences. Small discrepancies in beam diameter can
be attributed to the VBGs for having slightly different angular selectivity profiles or slight
variations in cavity alignment.
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Figure 70: Intensity profile of the channel one (LEFT) and channel two (RIGHT) near the saturable
absorber.

The remaining output from the dual wavelength system was directed towards a pair of VBGs
and photodetectors for temporal analysis. The VBGs were tilted to the Bragg condition for an
individual channel, and each channel’s temporal profile was observed simultaneously using two
InGaAs photodetectors. This set-up allows us to monitor each channel’s pulse duration and their
synchronization with real-time adjustments. A low averaging of four samples was done in order to
reduce the observed jitter between channels. Figure 71 shows the measured temporal profiles for
each channel in three different stages.
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Figure 71: Each channels temporal profiles when pumping channel 2 at: low power levels
(RIGHT), the level needed for synchronization (CENTER), and high power levels (LEFT).
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For these measurements channel one was kept at a constant pump level for efficient Q switching
and triggered on the oscilloscope. Then, channel two’s incident pump power was slowly increased
until a pulse was detected, Figure 71(RIGHT). The second channel’s pulse was not automatically
synchronized to channel one, but delayed due to a longer pulse build up time. An additional
secondary pulse from channel one was observed near the same time as channel two’s pulse. This
is due to channel one’s excited state not being fully depleted and channel two reducing the absorber
losses further to allow extra radiation from channel one to emit. Increasing channel two’s incident
pump power increases the gain and lowers the pulse build up time resulting in the delay to decrease
until both channels pulses are nearly overlapped, Figure 71(CENTER). At this power level the
jitter and instabilities of channel two increased making it difficult to get stable synchronization.
Slightly increasing channel two’s pump level caused the pulse to move ahead of channel one, and
increasing the pump level even further resulted in channel two to move further ahead with higher
instabilities. These increase in instabilities resulted in an inaccurate reading of channel two’s pulse
profile in Figure 71(LEFT) due to the averaging. A secondary pulse in channel two was also
observed and can be attributed to the same reasoning described earlier. Near synchronization
channel one measured a pulse duration of 180 ns and channel 2 measured 230 ns, leading to a
maximum achievable temporal overlap of 78%. Due to the observed instabilities and a minimal
achievable pulse separation, the temporal overlap was further decreased and could not be
accurately measured.

Investigations into pulse synchronization of PQS sources was thoroughly done in Cheng [144].
They were able to achieve an 80% temporal overlap by reducing the jitter and stretching the second
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channel’s pulse. PQS jitter was shown to be related the spontaneous noise in the cavity and can be
as high as several 100’s of ns [145]. Effective methods to reduce spontaneous noise is by using
absorbers with high optical density and pumping above well above threshold for Q-switching
[145]. However, the systems saturable absorber’s maximum optical density was limited due to
needing to place the absorber in the common cavity arm which by design had much larger mode
diameters. These large mode diameters made it difficult to pump at a high enough level to saturate
strong saturable absorbers. Another issue for synchronization was the different levels of loss
exhibited for each channel. This resulted in each channel to Q-switch significantly different with
the same saturable absorber. Due to channel one having much more loss than channel two, what
was considered a strong absorber for channel one was weak absorber for channel two. For this
reason, channel two had a much longer pulse durations and higher levels of jittering. Due to these
instabilities and synchronization issues, this source and PQS sources generally are not ideally
suitable for DFG applications.

Similar pulse behaviors for a dual-wavelength system were observed by Zhao [146]. Their
system, shown in Figure 72, consisted of two Nd:YLF cavities with precise dielectric mirror
coatings and a polarization beam combining element to produce a dual-wavelength output at 1047
nm and 1053 nm. They observed three peaks in the generated THz average power when changing
pumping current of one channel. The two peaks at low and high current levels were due to the
secondary pulse effect described earlier. The maximum generated THz average power was when
the both pulses were closely synchronized.
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Figure 72: Schematic of a PQS THz source (LEFT) and the measured THz average power
(RIGHT) [146].

Although Zhao does show THz conversion with a dual-wavelength PQS system, nanowatt THz
average output powers are difficult to detect even with cryogenically cooled bolometers. Zhao
presents the same dual-wavelength system in another work, but Q-switching was done actively
with an AOM [147]. By performing Q-switching actively the spontaneous noise will result in a
change in output energy instead of a change in timing between pulses allowing for a highly stable
synchronized pulse train to be generated [147]. This better performance in pulse synchronization
and stability led to the generation of microwatts of THz average powers [147]. These THz average
power levels are more comparable to previously published THz sources and can be detected with
a room temperature DTGS.

Figure 73: Schematic of an AQS THz source (LEFT) and the measured THz average power
(RIGHT) [147].
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The saturable absorber was replaced by an acousto-optic modulator (AOM) for AQS making the
cavity configuration in Figure 74. The AOM was driven with a 70 MHz RF single and showed
modulation depths up to 70%. The same spatial and temporal measurements were made on AQS
system and compared to the PQS results. Additional pulse energy and duration measurements were
made at different pump power levels and AOM repetition rates in order to fully characterize AQS
performance. All the following presented measurements were taken when channel two was
pumped at the necessary level for synchronization to channel one.
M1
Yb:KYW

M3

1s t LD Pump Beam

VBG2

AOM
20% OC

VBG1

M2
Yb:KYW

M4

2nd LD Pump Beam

Figure 74: Schematic of a tunable dual-wavelength Yb:KYW laser containing an AOM for AQS.

Figure 75 shows the intensity profile obtained for each channel near AOM during AQS
operation. As with PQS, channel one exhibited a slightly different mode area compared to channel
2, but the output showed a 98% spatial overlap. This spatial overlap was maintained when imaging
the beam in the far field and without the 4f system, concluding that both beams propagated
collinearly with similar divergences. Figure 76 shows the image of the beam during simultaneous
operation near the AOM (LEFT) and the far field image (RIGHT) after focusing with a single lens.
From these images, the resulting output exhibits high beam quality and symmetry.
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Figure 75: Intensity profile obtained of the mode profile at the AOM for CH1 (RIGHT) and CH2
(LEFT) from a 4F system.

Figure 76: Intensity profile obtained during simultaneous operation near the AOM (RIGHT) and
focused into far field (LEFT). Focus image is not shown to scale.

Temporal profile measurements for AQS are presented in Figure 77. The timing behavior of
channel two’s pulse with respect to channel one’s showed similar behavior when PQS. However,
the additional pulses generated during the PQS operation were not observed during AQS. Also,
now that the spontaneous noise of the system causes variation in pulse energies instead of the pulse
generation time, the jitter between channels was severely reduced. Slight jittering of channel two’s
pulse was observed, but at a low level to not affect the overlap. During synchronization channel
one and channel two measured a pulse duration of 72 ns (FWHM) with a stable overlap near 100%.
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This reduction in pulse duration and optimization of synchronization with AQS makes this system
more practical for THz generation experiments.
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Figure 77: Each channels temporal profiles when pumping channel 2 at: low power levels
(RIGHT), the level needed for synchronization (CENTER), and high power levels (LEFT).

Figure 78 shows the measured output power during operation of each channel individually and
simultaneously with respect channel one’s incident pump power. All output power measurements
were taken while driving the AOM at a 1 kHz rate. Channel two’s output power was measured at
the incident pump power when both pulses were synchronized. Due to channel two having lower
levels of loss, the measured output powers for channel two were much lower when synchronization
was achieved. The ratio of energy between channels started near 0.9 and increased to 0.70 after
increasing incident pump power. A maximum average output at 1.2 W was observed when
pumping channel one at 14 W and pumping channel two at the level for synchronization. Figure
79 shows the measured total pulse energy and pulse duration of each channel with increasing
incident pump power. The measured total pulse energy increased from 0.4 to 1.2 mJ, and the pulse
duration for each channel decreased from 120 ns to 60 ns.
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Figure 78: Measured average output powers versus incident pump power when operating each
channel individually and simultaneous at a 1 kHz AQS repetition rate.
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Figure 79: Total pulse energy (LEFT) and pulse duration (RIGHT) versus incident pump power
when operating at a 1 kHz AQS repetition rate.

Due to larger energies and shorter durations, the system was pumped constantly near 14 W. In
order to find the optimum conditions for THz generation, the same power and duration
measurements were made at different repetition rates. Figure 80 shows the measured output power
and pulse energy during individual and simultaneous operation. The pulse energy plotted during
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simultaneous operation in Figure 80 (RIGHT) was the geometric average, but the same ratio of
energy between channels was observed. The measured average power initially increased and then
saturated beyond 3 kHz. The calculated pulse energies were initially stable but then started to
decrease after 2 kHz. This behavior is due to driving the AOM faster than the upper state lifetime
of 350 μs (~2.8 kHz) which prevents the excited state from being fully depleted.
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Figure 80: Measured average power (LEFT) and average pulse energy (RIGHT) versus AQS
repetition rate.

The pulse duration of each channel and their temporal overlap is shown in Figure 81. The
measured pulse duration of each channel increased linearly with repetition rate from 60 to 115 ns
as expected in AQS. AQS beyond 3 kHz caused the temporal overlap to drop to 88%, and should
be taken into account for THz conversion efficiencies. All the data recorded was used to find the
optimum settings for THz conversion experiments which will be discussed in the next section.
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Figure 81: Pulse duration (LEFT) and temporal overlap (RIGHT) versus AQS repetition rate.
5.3. Difference frequency generation for Terahertz (THz) waves
Difference Frequency generation of VIS and NIR lasers for THz radiation has been a popular
method [125,148]. Zernike and Berman were first to generate THz waves using a ruby laser system
with a quartz crystal in 1965 [140]. Several crystal’s such as LiNbO3, GaAs, and GaP have been
used, and their THz absorption coefficients compared to other crystals are shown in Figure 82
[135]. Vodopyanov derived detailed solutions for the optical-to-THz conversion efficiency, and
described how to appropriately model quasi-phase matched samples [135]. His solution (59) is
similar to CW difference frequency generation, where 𝛺 is the angular THz frequency, 𝑑𝑒𝑓𝑓 is the
effective nonlinear optical coefficient, 𝐿 is the length of the crystal, 𝐼𝑜𝑝𝑡 is the optical intensity, 𝜀0
is the free space permittivity, 𝑐 is the speed of light, 𝑛𝑜𝑝𝑡 is the optical refractive index, and 𝑛𝑇𝐻𝑧
is the THz refractive index [135].
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Figure 82: Absorption (cm-1) of THz radiation (1-4 THz) for multiple nonlinear crystals [135].

𝜂𝑇𝐻𝑧 =

2
2𝛺 2 𝑑𝑒𝑓𝑓
𝐿2
2
𝜀0 𝑐 3 𝑛𝑂𝑃𝑇
𝑛𝑇𝐻𝑧

𝐼𝑜𝑝𝑡

(59)

Vodopyanov compared several nonlinear crystals and derived “figure of merit” (FOM) terms for
long and short pump pulses. He stated that for pulses with nanosecond or larger durations the
optical-to-THz conversion efficiency can be approximated, and the FOM term (60) can be used to
compare crystals. He assumed the crystal length was on the order of 1/𝛼 𝑇𝐻𝑧 , where 𝛼 𝑇𝐻𝑧 was the
THz absorption. Table 5 contains the linear optical properties, nonlinear coefficients, and the
calculated THz conversion FOM of GaAs, GaP, and LiNbO3. Due to the low THz absorption,
GaAs’s FOM was comparable to LiNbO3 despite having lower nonlinear optical coefficients.
Vodopyanov states that since GaAs has a comparable FOM and a much smaller 𝛥𝑛, QPM GaAs
can be an efficient nonlinear crystal for THz DFG. He experimentally demonstrated efficient THz
conversion with several samples of periodically-inverted quasi-phase matched GaAs, which was
potentially scalable to 10-100 mW [135].
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2
2
(𝑑𝑒𝑓𝑓
/𝑛𝑂𝑃𝑇
)
𝐹𝑂𝑀 =
𝛼 𝑇𝐻𝑧

(60)

Table 5: Linear optical properties, nonlinear coefficients, and the calculated THz conversion FOM
of GaAs, GaP, and LiNbO3.
Crystal

GaAs

GaP

LiNbO3

Optical wavelength (μm)

2.1

1.06

1.06

Optical ref. index

3.33

3.11

2.16

𝛥𝑛 = 𝑛𝑇𝐻𝑧 − 𝑛𝑔,𝑜𝑝𝑡

0.18

0

3

Nonlinear coefficient
(pm/V)

46.1

21.7

152.4

THz absorption at 1-2
THz (cm-1)

1

3.3

21.7

FOM

191.6

14.7

229.4

Even though GaAs has a better FOM, efficient THz generation using GaP has been shown in
several references [141-143]. The GaP coherence length in (61), where 𝛺 is the THz frequency
being generated and 𝛥𝑛 is the difference between the optical group and THz index of refraction,
is much longer than GaAs [141-143]. These large coherence lengths allow more cost effective bulk
samples to be used and the allowable THz radiation isn’t based on the QPM period. This allows
for more flexibility if the dual-wavelength spacing is slightly off from expectation, and one bulk
sample can be used to create different THz frequencies.

𝐿𝑐 =

𝜋𝑐
𝛺𝛥𝑛
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(61)

A simulation of GaP’s coherence length (6) for 1, 2, and 3 THz was made over a wavelength
range of 0.8 to 1.3 µm. The NIR refractive index was calculated from its well-known Sellmeier
equation (62), and its group index was calculated from equation (63) [149]. The THz refractive
index was found through the Parson’s experimental work in GaP’s far infrared optical constants
from 50 to 366 µm [150]. Based on Parson’s data the refractive index for 1, 2, and 3 THz is near
3.3399, 3.3500, and 3.3655 respectively [150]. A complied plot of the coherence length verse NIR
wavelength for each THz wave is shown in Figure 83. Near the lasing wavelength for many Yb
based lasers, the expected coherence length was calculated to be 30, 5, and 1.6 mm for 1, 2 and 3
THz respectively.

2
𝑛𝑜𝑝𝑡
= 4.1705 +

4.9113
1.9925
+
2
1 − 0.1174/𝜆
1 − 756.46/𝜆2

𝜕𝑛𝑜𝑝𝑡
𝑛𝑔 = 𝑛𝑜𝑝𝑡 − 𝜆 (
)
𝜕𝜆

Figure 83: Simulation of coherence length for DFG in GaP for generating 1, 2, and 3 THz.
107

(62)

(63)

From the conversion efficiency term (59) and the measured AQS pulse parameters the expected
THz powers were calculated. All calculated THz output powers were done assuming a 4 mm thick
GaP sample and a ~2 THz difference frequency spacing. This 4 mm thickness was slightly below
the calculated GaP coherence length calculated with (61) for 2 THz. The calculated conversion
efficiencies were near 10-5 for all AQS settings, and Figure 84 shows the calculated THz peak and
average powers with repetition rate. The THz peak powers decreased linearly with repletion rate,
and average powers initially increased at higher repetition rates but starts to saturate near 2.8 kHz
due to the upper state lifetime effect previously described. At higher rates the expected THz
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average powers started to decrease due to the degradation in temporal overlap.
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Figure 84: Predicted THz peak (LEFT) and average (RIGHT) powers generated in a 4 mm thick
GaP based on AQS repetition rate.

Based on these calculations the correct AQS settings can be set for optimal THz detection. If
one’s detector can resolve the kHz pulse trains, then AQS should be done near 1 kHz for the highest
levels of peak power. If the detector being used is based on average power, then AQS should be
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done at a frequency near the upper state lifetime’s (2.8 kHz) and not far beyond where the temporal
overlap starts to degrade. Figure 85 shows the proposed experimental set-up to detect THz
radiation using a DTGS detector. Output radiation can be attenuated by paring a HWP with a
polarizer, and focused onto the GaP sample. Due to the generated THz radiation will have a much
larger divergence, a gold platted parabolic mirror with an aperture in the middle can be used to
filter out the pump. Using a second gold plated mirror the THz radiation is focused through a
rotational chopper onto a DTGS detector. The DTGS detector is a room temperature detector that
can detect average THz powers as low as 1 μW. AQS settings should be set near 2.8 kHz for
maximum THz average powers and the chopping frequency should be set to 7-10 Hz to maximize
detector sensitivity.

Pair of gold platted
parabolic mirror to collect
THz Radiation

HWP

1s t Parabolic Mirror
Focusing Lens

GaP Sample

Yb:KYW Dual Channel System

Polarizer

DTGS Detector

THz radiation will diverge
much larger than the source

HWP and polarizer to
directly control incident
power

2nd Parabolic Mirror

Rotational Chopper
Rotational Chopper paired
with a high sensitive DTGS
detector for THz detection

Figure 85: Experimental setup for THz generation with GaP with gold parabolic mirrors used to
out couple the THz generation and a high sensitive DTGS detector paired with a rotational chopper.

In conclusion, two dual-wavelength sources capable of being used for THz generation were
created with the use of VBGs as a frequency selector and a beam combining element. The PQS
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Tm:YLF source resulted in 2 μm pulses with 2-5 mJ energies, 60-80 ns durations, and 50-225 Hz
repetition rates. The PQS Yb:KYW source resulted in 1 μm pulses with 0.3-0.6 mJ energies, 230120 ns durations, and 2.7-7.6 kHz repetition rates. Due to the long coherence length in GaP, higher
PQS repetition rates, and cost effectiveness the dual-wavelength Yb:KYW source is more
advantageous to use for THz generation. Each channel of the 1 μm source was observed separately
in the spatial and temporal domain in order to maximize the spatial and temporal overlap for DFG.
A 98% spatial overlap was measured and both channels propagated with similar divergences.
Large instabilities and poor temporal overlap was discovered after observing both channels
separately in time. Implementing an AOM for AQS severely reduced the instabilities and improved
the temporal overlap to ~100%. Full characterization of AQS performance was done at different
incident pump powers and repetition rates. The average pulse energies and durations varied from
0.7 to 0.5 mJ and 60 to 110 ns. The measured pulse parameters where used to calculate the expected
THz average and peak powers in a GaP sample. Calculated conversion efficiencies were near 105

for all AQS settings, and the expected THz average power was much larger than 1 μW, making

it possible to detect with a room temperature DTGs detector.
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CHAPTER 6: CONCLUDING REMARKS
In conclusion, this dissertation has presented novel solid state laser systems based on the volume
Bragg gratings (VBGs) and holographic phase masks (HPMs) for spectral narrowing and locking,
spectral beam combining, angular transverse mode selection, and transverse mode conversion in
solid state lasers. First, stable mode conversion was successfully demonstrated with a binary 4sector and a gray scale vortex HPM at power densities as high as 16.2 kW/cm2. Both HPM’s
showed diffraction efficiencies from ~70 to ~85% and successfully converted the far field intensity
to a TEM11 and HG1 profile. The 4-sector HPM underwent a bleaching process with visible
radiation at 532 nm resulting in a lower absorption coefficient of 2.5x10-4 cm-1 at 1 µm, which is a
2.8x improvement to the un-bleached vortex’s coefficient of 7x10-4 cm-1. At 16.2 kW/cm2, the
bleached and non-bleached HPMs showed maximum temperatures near ~30°C and ~90°C
respectively. Diffraction efficiencies and far field intensity images were consistent with both for
the bleached and non-bleached HPM up to 16.2 kW/cm2.

Implementing active air-cooling on the non-bleached vortex HPM resulted in a ~47°C drop in
temperature, but no observable change in diffraction efficiency or the far field intensity profile.
These stabilities conclude that the thermal stress introduced on the bleached and non-bleached
photo-thermo-refractive (PTR) glass at 16.2 kW/cm2 does not hinder the HPM’s performance.
Further testing at higher power densities should be done to investigate the limitations of the HPMs,
and active air-cooling could be implemented when scaling to power densities beyond the
limitations of PTR glass.
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By pairing the HPM with surface gratings having twice the period of the HPM, a new element
functioning as an achromatic holographic phase mask (AHPM) for broadband sources was
demonstrated. Successful mode conversion was demonstrated on several sources spanning a
spectral bandwidth over 1 μm and a broadband femtosecond source with a spectral bandwidth of
12.8 nm. While the experiment was to show proof of concept of the AHPM, a fully optimized
system can reach estimated diffraction efficiency greater than 90%. This new optical element
dramatically increases the potential applications of optical phase masks in broadband sources
including ultrashort pulse lasers.

Then, diffraction limited output of a passively Q-switched (PQS) laser with small cavity length
(25 mm) and a high Fresnel number was achieved by using TBGs for angular mode selection.
Increasing the mode diameter from 0.5 mm to 1 mm resulted in a 4.3X increase in pulse energy
but the degradation of beam quality resulted in no improvement in brightness. Implementing two
10 mrad TBGs orthogonally resulted in a 7.7X brightness enhancement despite losses introduced
by the TBGs. Conventional mode selection techniques (i.e. iris) required a minimum cavity length
of 250 mm to achieve diffraction limited output, which would have severely stretched pulse
durations. There was no observable change in the ~1.5 ns pulse duration after implementing the
VGBs. The insertion losses of the TBGs can be improved with proper antireflection coating and
~99% diffraction efficiencies. These observations confirm that implementing TBGs instead of a
conventional spatial filter diffraction limited beam quality can be achieved in cavities with high
Fresnel numbers. Specifically, for Q-switched systems diffraction limited output with subnanosecond pulse durations can be achieved. Given that the minimum angular selectivity of
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currently produced TBGs is near 0.1 mrad, this technique could potentially be applied to construct
compact cavities with 1 cm diameter beams and nearly diffraction limited beam quality

Lastly, two dual-wavelength sources capable of being used for THz generation were created with
the use of VBGs as a frequency selector and a beam-combining element. The PQS Tm:YLF source
resulted in 2 μm pulses with 2-5 mJ energies, 60-80 ns durations, and 50-225 Hz repetition rates.
The PQS Yb:KYW source resulted in 1 μm pulses with 0.3-0.6 mJ energies, 230-120 ns durations,
and 2.7-7.6 kHz repetition rates. Due to the long coherence length in GaP, higher PQS repetition
rates, and cost effectiveness the dual-wavelength Yb:KYW source is more advantageous to use for
THz generation. Each channel of the 1 μm source was observed separately in the spatial and
temporal domain in order to maximize the spatial and temporal overlap for DFG. A 98% spatial
overlap was measured and both channels propagated with similar divergences. Large instabilities
and poor temporal overlap was discovered after observing both channels separately in time. Active
Q-switching with an AOM severely reduced the instabilities and improved the temporal overlap
to ~100%. Full characterization of actively Q-switched (AQS) performance was done at different
incident pump powers and repetition rates. The average pulse energies and durations varied from
.7 to .5 mJ and 60 to 110 ns. The measured pulse parameters where used to calculate the expected
THz average and peak powers in a GaP sample. Calculated conversion efficiencies were near 105

for all AQS settings, and the expected THz average power was much larger than 1 μW, making

it possible to detect with a room temperature DTGs detector.
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